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PREFACE 


In compiling this little volume my endeavour has been to 
supply outline directions which might enable a class of 
students to proceed with work until the demonstrator could 
give individual instruction to each group. 

Discussion of detail is omitted, but I hope a clear state- 
ment of the quantity to be determined is generally given. 
The comparatively large number of determinations dealt with 
will perhaps be wide enough to permit of teachers mapping 
out their ovyn courses; for few students will, I fear, find 
time to do all. 

I venture to hope that the collection may prove of use 
in Technical Schools ; and, so far as the operations are con- 
cerned, it includes most of those which have been given at 
the London University Intermediate and Final B.Sc, exami- 
nations. 

In conclusion, my heartiest thanks are due, and given, 
to Professor H. Tomlinson, F.R.S., for reading most of the 
sheets, and for many kind suggestions during their production. 

W. R. KELSEY. 

Physical Laboratory, 

Bradford Municipal Technical College, 

July , 1901. 
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PART I 

GENERAL MEASUREMENTS 

1 . 

The Determination of Lengths.— The usual method of 
measuring the distance between two points on the same plane 
surface is to apply a graduated scale directly, noting the 
number of scale divisions between the points. It is convenient 
to adjust the zero of the scale to one point, and to read the 
number of divisions between it and the dividing line which 
most nearly coincides with the other point. 

This number is the length between the points in terms of 
the scale divisions, as nearly as it can be directly measured 
from the scale. Generally, however, it is possible to estimate 
by what fraction of a scale division the point is beyond or short 
of the noted dividing line: this fraction being added or 
deducted as necessary gives the length, by estimation, to a 
higher degree of accuracy. If the scale zero is at the extreme 
end of the scale, it is better to adjust, not the zero, but one of 
the dividing lines near the end, to the first point, and to take 
the difference of the readings at the two points as the length 
between them. 

It is advantageous to place the scale in such a position that 
the dividing lines touch the plane surface *in which the points 
lie; by this means parallax, *>. apparent relative motion 
between tjje points and the dividing lines when the eye is 
moved, is avoided. 

B 
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In cases where it is impossible to lay a scale from peint 
to point, the beam compass may t>e used.# This instruilfent 
consists of a bar along which slide two pieces bearing pointed 
legs, and which may be clamped in any position by screws. 
The pointed legs are adjusted to the two points between which 
the length is required, and are then themselves applied to a 
scale. 

The length of curved lines may be very approximately 
obtained by stepping along them with dividers opened a short 
distance and counting the total number of steps. A straight 
line is then drawn, and the dividers, still opened the same 
distance, are stepped along it. The total length of a consider- 
able number of these steps is measured by a scale, and this 
divided by the number of steps gives the distance the dividers 
are open. The latter multiplied by the number of steps in the 
curve is the length of the curve. 

The diameters of cylinders, distances between parallel 
planes, etc., may conveniently be measured by calipers. 

Outside calipers consist of two curved arms, hinged 
together at one end and bearing inwardly directed points at the 
other. The hinge is stiff, so that they may be moved or laid 
down without altering the position of the arms. The body to 
be measured is placed between the points, which are adjusted 
by tapping the outside of an arm or the point on a bench until 
they just pass over it. The calipers are then applied to a 
scale, and the distance between the points noted. 

Inside calipers are similar, but have the arms nearly 
straight and their points turned outwards. They are placed 
between the points, the distance of which apart is to be found, 
and adjusted until they just touch without any play, after which 
the points are applied to a scale. 

A more accurate instrument for the same purpose is the * 
vernier calipers. This consists of a graduated bar with an 
arm at right angles at one end. Along the bar slides another 
arm, which is somettmfes furnished with a trigger-like clamp to 
fix it in any position along the bar. In other forms of the 
instrument a sliding piece attached to the arm is # fixed by a 
screw when approximately in its correct position, and the fine 
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adjustment made by means of another screw at the end of the 

baft 

Outside measurements may be made with the inner faces 
of the arms, inside measurements with the outer faces. The 
sliding arm usually carries verniers (see 4), reading on the 
graduated bar. In use the zero error, i.e. the reading when 
the arms are closed and in contact with each other, is firstly 
noted. This, if negative, is added to the later readings, and, 
*if positive, is deducted. 

Outside diameters may be very approximately found by 
winding a thread an exact number of times round the circum- 
ference in a single layerj measuring the axial length, /, of the 
winding, and the total length of the turns when unwound. If 
the latter be L, and the number of turns be N — 


Diameter = 



or, if - be small, approximately- 
L 


Diameter = 


L 

irN 


Measurements of small thicknesses and diameters may be 
made by means of a wedge, or a plate with a wedge-shaped 
slot cut out, graduated on one side. 

The wedge is applicable to the measurement of distances 
between plane faces, the slot to those of thicknesses and 
diameters. 

The object of which the thickness is required is inserted in 
the slot until it makes contact with each side. Let L be the 
length of slot, VV its maximum width, and / the length from 
the end of the slot to the point of contact. Then, by similar 
triangles — 

W 

Width of object = -£/ = / tan 0 

where 9 is the angle between the sides of the slot. 

The ^iameter of a circular rod placed in the slot is 
given by— 
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Q 

Diameter = 2 tat - X / 
2 


The values of tan 6 and of a tan - may be found once for 
all as a constant for any particular slot. Similarly, if the wedge 



be inserted between two surfaces for a length, » f, the distance 
between the points at which its edges make contact is — 

W, , 
j 7 = / tan 6 

It is advantageous that the edges of the wedge should be 
bevelled. If, as is often the case, the point of it be truncated 
off, the lengths L and l are measured from that position at 
which it would exist. 


2 . 

To determine Thicknesses by Means of the Micrometer 
Gauge. — The micrometer gauge consists of a short metal 
bar with an arm projecting at right angles from each end. 
Through one of these is screwed a short plug, and through 
the other passes a screw coaxial with the plug. The ends 
of both screw and plug are plane surfaces perpendicular to- 
the axis. The pitch of the screw is half a millimetre, and 
a scale engraved upon the arm through which it 0 passes 
permits of its position being read. For this purpose the 
head of the screw passes over the scale. The latter*' is- usually 
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divided into half # millimetres, so that one complete turn of the 
head carries it along one division. The circumference of the 
head itself is divided into fifty parts, the reading of which is 
taken on the base line of the fixed scale, thus permitting the 
measurement to be made directly to the nearest hundredth 
of a millimetre, and by estimation to a thousandth. Owing 
to the uncertainty of the pressure put on the measured body, 
however, and sundry other circumstances, the estimation to 
thousandths is of very little value in many cases. 

In making a measurement, the screw is ftin in until its end 
is in contact with the plug. Some instruments are fitted with 
Breguet heads, which slip round when contact occurs, pre- 
venting undue force being applied. When this is absent, 
the screw should be turned very lightly into contact. The 
zero error, i>. the reading on the head, is then noted. In 
a perfectly adjusted gauge the reading would be o, but this 
is usually not the case. If the zero is passed in obtaining 
contact, the error is positive, and must be added to the length 
measured later ; if the zero is not reached, the error is negative, 
and is deducted. 

The screw is then wound out, the body to be measured put 
between it and the plug, and the screw wound into contact 
with t|ie body. The scale and head readings are noted and 
the zero correction made. 

Measurements should be made several times, in deter- 
mining the diameters of wires, etc., also in different places and 
directions. 


8 . 


To determine Thicknesses and Curvatures by Keans of 
the Bpherometer. — The spherometer consists of three pointed 
legs, rigidly attached to a frame, and having the same relative 
position to one another as the points of*ao equilateral triangle. 
In the ftrntre is a fourth leg, equidistant from the others, and 
capable of being screwed up or down by a head. To this 
head is attached a disc with a bevelled edge, the vertical 
position of which may be read from a scale on the frame, thus 
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indicating the vertical distance between the point of the cental 
leg and the plane passing through the points of the other three. 

The fixed scale on the frame is usually divided into half 
millimetres, and the screw is raised this distance, or lowered 
the same, in exactly one revolution. The circumference of 
the disc itself is usually divided into fifty parts, each sub- 
divided into tenths. 

Consequently, each small division of the disc passing the* 
edge of the fixed scale indicates one thousandth of a millimetre 
alteration of positidn to the point. 

The fixed scale usually has its zero at the middle of its 
height, so that distances of the central leg, either above or 
below the plane of the others, may be read directly. In the 
former case, the disc divisions are taken right-handedly ; in 
the latter, left-handediy. 

In making a measurement the three legs should firstly be 
placed on a perfectly plane surface, to supply which a glass 
plate is provided with the instrument, and the central leg 
screwed down till it just makes contact. The twisting of the 
head should proceed very slowly as this position is approached, 
and the reading noted when it is obtained. The mean of 
several such readings should be taken as the zero error. 

If contact occurs when turning left-handedly, before^ zero 
is indicated, the zero error is deducted from upward, and 
added to downward, measurement readings. The reverse 
corrections are made if the zero division is passed. 

To measure the thickness of a plate, the central leg is 
screwed up, and the plate placed on the glass beneath it. The 
leg is then screwed down gently as before, and the scale and 
disc are read. This reading, with the necessary correction for 
zero error, is the thickness of the plate. 

In determining the curvature of a spherical surface, the 
three legs are placed upon it, and the central leg screwed into 
contact Let the rejdipg, corrected for zero error, be /, and 
let the distance between the points of two of the fixed legs be 
L. Then the radius of the circle upon the circumference of 


which the three legs lie is equal to « 
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JBut ( Euc . iii. 35) if in* a circle a diameter be drawn, also 
any chord perpendicular to it, then 
the product of the two lengths into 
which the diameter is divided by the 
chord equals half the length of the 
chord squared. 

But the lengths into which the 
, diameter is divided are / and (2R-/?), 
where R is the radius. Hence — 

T 3 / 

and R = 77 + - 
6 / 2 

To test the sphericity of a sur- 
face, the instrument should be placed 
on various pajts, and the curvatures, 

viz. I divided by compared for 
V3 

each, 

4 . 

On the Use of the Vernier. — A vernier is used to deter- 
mine^ the position of a point relatively to a fixed scale with 
an accuracy which is otherwise impossible, except by the use 
of a scale with inconveniently fine subdivisions. 

It is a small slider moving along the fixed scale, and is 
itself graduated in such a way that // of its divisions are equal 
in length to // — 1 of those on the scale. 

When, therefore, its zero coincides with a scale line, its 

first dividing line is - of a scale division short of the next scale 

2 

line, its second is - short of the scale’s second, etc. 

Supposing the point of which the position is to be found to 
lie beftveen two of the scale marks, and the zero of the vernier 
to be adjusted to coincidence with it. 

If now the first vernier line coincides with a scale line, it 
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follows that the point is -j of a scale “division beyond the lo#er 

of the scale lines between which it lies. Similarly, if the wth 
line of the vernier coincides with a scale line, the point with 

which its zero coincides is ^ of a scale division beyond the 

next scale line below it. 


TV T 


* 




7 *" T 
2 / 


1 i ' i 1 i 1 i 1 I 4- 

/ *3*06 y « 


It may happen that no line of the vernier exactly corre- 
sponds in position with one on the scale. In such a case the 
vernier reading to the scale line most nearly coinciding with 
one of its own is estimated. Whatever this reading be, integral 
or fractional, it is the number of «tfis of a scale division to be 
added to the scale reading. 

In the form of vernier described the vernier and scale 
numbering run in the same direction. In some forms, how- 
ever, * of the vernier divisions are equal to « + i of those on 
the scale, and their numbering is in the reverse direction. The 
method of use is the same in both forms. 

Verniers on scales of length commonly read to tenths of 
the smallest scale divisions, those on rings divided for angular 
measurements usually to minutes. 

In the absence of & model, a scale and vernier should be 
constructed on cardboard, the scale divided into centimetres, 
the vernier reading to a millimetre. In either case thp lengths 
of several rods should be measured. 
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5 . 

To determine Thicknesses by Means of the Optical Lever. 

— The optical lever is a bar of a few centimetres length sup- 
ported on two legs at the centre and one at each end. At the 
centre is a small mirror turning about a horizontal axis at right 
angles to the length of the bar. 

A telescope furnished with cross-wires is directed towards 
the mirror, and a scale, is erected vertically above it in the 
region of the cross-wires. Adjustment is then made until the 
reflection of the scale is seen in the mirror, without parallax, 
when the lever stands upon a perfectly plane surface. 

The object of which the thickness is to be determined is 
placed under the central pair of legs, one end of the lever is 
depressed, anfl the scale division which coincides with the 
horizontal cross-wire noted. The other end of the lever is 
then depressed, and the same observation repeated. 

Let the measured distance between the mirror and the 
scale be L, and / that between the two end legs of the lever. 
Then, if / be the thickness of the object measured, and 6 the 
angle made by the lever with the horizon when tilted — 

/ = ~ sin 6 
2 



Now, the total angle turned through by the mirror is 20, and 
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that by the reflected ray is 4#, so thgt if </ s — d x be the length 
of scale between the two noted readings — 


tan 4 6 


d t 

L 


very approximately, since 6 is small. Assuming, then, that 6 , 
sin $, and tan 0 are equal — 

( 4 - 4 ). 

' ~ 8L ~ 

The distance between the telescope and lever may conveniently 
be from 1 to 4 metres. 


6 . 

To determine Areas by Means of the Aanimeter — 

Several types of planimeter exist, one of the most generally 
used being that of Amsler. This essentially consists of two 
arms, AB and BC, jointed at B. At A is a pointed leg which 
acts as a fixed centre when the instrument is used, and at C 
is a point which is moved along the line circumscribing the 



measured area. A rolling wheel attached to BC partly slides 
and partly roljs over the plane in which the area lies. By 
means of a worm, ntotkm is given to a disc on BC # which 
records tens of square inches, while the edge of the roller itself 
is graduated into square inches and tenths of the sanity reading 
by the vernier to hundredths. The circle traced by the point 
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at f!, when the arm BC is#perpendicular to AB and the whole 
rotates about A, Is termed the “ datum ” circle* 

In measuring an area, A is fixed, and C adjusted at some 
noted point on the boundary of the area. The reading of disc 
and wheel are noted, and the point is carried once in a clock- 
wise direction round the area to the exact spot from which it 
started. The reading is again noted, the difference between 
it and the previous one being the required area. In the case 
of small areas, it is advisable to carry the point round N times, 
and to divide the recorded area by N. 

It is to be noted, however, that if the datum circle lies 
entirely within the boundary of the area, the area of this circle, 
whicR is recorded on the instrument, must be added to the 
reading. If, on the other hand, the area measured lies wholly 
within the datum circle, the reading must be subtracted from 
that circle’s area to give the required area. 

The areas of several figures, both regular and irregular, 
should be determined, and the areas of the former, as found 
by calculation, compared with the planimeter measurement of 
the same. 

It is to be noted that areas passed round in a counter clock- 
wise direction are recorded negatively, the final being less than 
the initial reading. Thus, if a line crossing itself — as, for 
exanfyle, an 8*shaped figure — be traversed, the difference of 
initial and final readings is the difference between the areas 
enclosed by the loops. 

Special care should be given in using this instrument not to 
handle or touch the recording dial and wheel. 


7 . 

To determine Differences of Height by the Cathetometer, 
and to standardize the Eye-piece Scale.-— The cathetometer 
essentphy consists of a telescope, furnished with cross-wires, 
and vertically movable on a bar, with a scale from which the 
distance* moved may be read. 

Some instruments possess elaborate .adjustment fittings, 
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many carry only a vernier and eyepiece scales The latter 
form is assumed to be now used. 

The telescope may be adjusted to a horizontal position 
very approximately by laying a level along its tube, and 
adjusting the stand by levelling-screws if they be present, 
or by packing under the base if otherwise. 

The scale in the eye-piece should then be turned vertical, 
and adjusted in this position by focussing the telescope on a 
plumb-line. 

A needle shouM then be placed vertically in a clamp, 
substituted for the plumb-line, and moved until it is in focus, 
the image of its point coinciding with one end of the scale A 
When in this position the eye-piece must be adjusted until 
there is no parallax, i.e. relative motion between the image 
and scale, when the eye is moved. 

The reading of the scale on the stand is now goted. 

The telescope is then moved up or down until the image of 
the point coincides with the other end of the eye-piece scale, 
and the reading of the stationary scale again observed. 

Let the difference between the two readings taken from the 
fixed scale be N, and the number of eye-piece scale divisions 
the image of the needle point moved over be n . Then- 


One eye-piece division 


N 

- fixed-scale divisions 

ti 


In measuring the vertical distance between two points, the 
telescope is focussed on one of them, and the readings of both 
scales noted. If the other point is also in the field of view, 
the distance between the two is read from the eye-piece scale. 
Otherwise, the telescope is moved up or down until the other 
point comes into view, and both scales are again read. 

The difference between these readings is the vertical distance 
between the points. 

Proceeding in this Vgty, several vertical distances should be 
measured, and the divisions on the fixed scale of the instrument 
compared with those of another scale placed vertically in front 
of the telescope. 
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' 8. 


To determine Masses by Means of the Balance.— The 

balance consists of a beam supported on a central knife-edge, 
and carrying others at its ends from which pans are suspended. 
The central knife-edge is so arranged that it may be raised or 
lowered, thus putting the balance into action, or allowing the 
beam to rest upon supports. The mechanism effecting this is 
actuated by a lever in front. 

A pointer attached to the middle of the # beam, and moving 
over a scale at the bottom of the supporting column, indicates 
the position of the beam relatively to the stand. 

T© facilitate exact weighings, one arm of the beam is 
graduated, and a wire rider is so arranged that it may be set 
astride of the former at any distance along the scale by means 
of a rod projecting outside the instrument’s case. When so 
set, the scale heading indicates the number of milligrams by 
which the weights in the pan are virtually increased. 

The entire balance is enclosed in a case, which protects it 
from draughts, and is only opened to add or remove the 
weights; in simpler forms of instrument, a place as free as 
possible from air currents should be selected for work. 

Assuming the general adjustments to be correct, the base 
is levelled by means of a spirit-level and levelling-screws, the 
pointer being brought to the central division of the scale, either 
by adjustment of a metal flag at the middle of the beam, or by 
means of screwed weights at its end. Unless already existing, 
a curve of sensitiveness should then be constructed. In doing 
this, and in all weighings, care must be taken that (a) the beam 
is always lowered before making any alteration to the masses 
in the pans ; (b) the raising of the beam is performed slowly, 
and that, if the pointer swings quickly to one side, it is im- 
mediately lowered, and the weights readjusted. 

To Construct a curve of sensitiveness, the position of the 
pointer when both pans are empty is nofed. A small weight 
is added to the right-hand pan, and the .displacement of the 
pointer in scale divisions observed. Hence the weight in 
milligrams producing a displacement of one scale division! 
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i>. the sensitiveness, is calculated. Equal small weights *are 
then placed in each pan, and the displacement produced by a 
small addition to the right-hand one observed. Dividing the 
small additional weight by the number of scale divisions 
displacement, the sensitiveness for the particular load in the 
pan is obtained. Proceeding in this way for various loads up 
to the greatest the balance is constructed to carry, the sensitive- 
ness for each is determined. A curve should then be plotted 
with loads as abscissas and the sensitiveness as ordinates. 

The mass of aqy body is found by placing it in the left-hand 
pan, and a weight which, as nearly as may be judged, will 
balance it in the other. In general no one weight will exactly do 
this, but by trial two may be selected, one of greater, the other 
of less, mass than the body. The smaller is placed in the pan, 
and in a similar way other less weights are added, until the 
pointer oscillates within the limit of the scale when the beam is 
raised. The weights themselves should not be llbuched by the 
fingers, but always moved by means of the forceps provided. 

Three observations should now be made of the pointer s 
position at the end of the swing. Let a and c be the scale 
divisions reached by the pointer in two successive swings to 
the left, the intermediate swing to the right being b, and all 
divisions being counted from the extreme left of the scale 
toward the right hand. 

Then, if the pointer were allowed to come to rest, it would 
do so at the midpoint of the right- and mean left-hand positions, 

or at the division. Thus, if when the balance is 


unloaded the pointer rest at division*/, a weight ( 2 

would have to be added to those actually in the pan to produce 
exact balance, m being the sensitiveness for the particular load 
on the balance. Due attention must, of course, be paid to the 
sign of this addition. The sensitiveness is, of course, found by 
reference to the prevfot&ly constructed curve. 

In an exact weighing, a correction must now be applied for 
the buoyancy of the air displaced by the body and the weights. 
Let V be the volume in cubic centimetres of the body, and v 
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th*ft of the weights. Theij the weight as found above must be 
increased by (V •*- v) x density of air per cubic centimetre* In 
nearly all cases the density of air may be taken as 0*0013 gram, 
and the volume of the small platinum weights may be neglected. 
The volumes may be calculated if the dimensions be known, or 
found by any of the usual methods described elsewhere. 

If the balance be out of adjustment, the following con- 
ditions may exist, and be corrected for as follows : — 

(a) The scale-pans may not be of equal weight. The body 
is firstly placed in one pan and counterbalanced by weights 
W, ; the pans are then interchanged, and the body, still at the 
same end of the beam, is found to be counterbalanced by 
weights \V 2 . Then the pan in which the body was originally 
placed is heavier than the other by an amount ~(W l — W 2 ), 
and the true weight of the body is W x — £(W, — W«). Due 
regard must be paid to the sign of the correction. 

(b) The b?am-arms may not be of equal length. In this 
case the pans being adjusted to have equal weight, a body is 
weighed at one end of the beam, and the apparent weight found 
to be Wl It is then placed in the other pan, and found to 
have an apparent weight W 2 . 

Let W be the true weight of the body, L! the length of that 
arm from which it first hung, L 2 the length of the other. 
Then- 

la X W » L 2 x \V Xi and L 2 xW = Lx W a 
Consequently — 


9. 

To determine the Density of Air by a Method of Weigh- 
ing. — A large glass globe, fitted with a cock and filled with air, 
is suspended from one arm of a balance and weighed, or, pre- 
ferably* counterbalanced by a similar gloGe. In the latter case 
the corrections for the external air displaced are avoided. 
During this operation the cock of the globe may be open, so 
that the contained air is at the same pressure as that outside, 
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and this pressure should be notc£ from a barometer. The 
globe is then removed from the balance, and partially exhausted 
by an air-pump furnished with a manometer. After exhaus- 
tion, it should remain connected to the pump for a few minutes, 
in order that the residual air inside may acquire the external 
temperature, care being taken not to handle or otherwise unduly 
warm it. The manometer is then read and the cock closed. 

The pressure of the contained air has now the same ratio 
to the original pressure that the difference between the baro- 
meter and manometer pressures has to the barometer pressure. 

The globe is again weighed, and the difference between 
this and the original weight is the weight of air pumped out. 
Let this be w grams. a 

The internal volume of the globe must now be found either 
by means of the volumenometer (Art. 51 ), or by filling it with 
water and measuring or weighing the quantity contained. If 
the latter course be adopted, the volume is give# directly, with 
but a small error, on account of some adhering to the measuring 
vessel. 

Now', the air in the globe after exhaustion, if compressed 
till it regained its original pressure, would occupy a volume v 
such that — 

V H 


where V is the internal volume of the globe, H the barometric 
pressure, and h that of the manometer. 

Therefore a volume V ( i — ) 0 f air at the tempera- 


ture / of the atmosphere, and at pressure H, weighs w grams, 
and from this the density, i.e. the weight of one cubic centi- 
metre, at o° C. and 760 nim. pressure may be found, viz. — 


w 760 273 + / 

x "h x 273 

The determination may be more satisfactorily made by 
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confessing air into the flask by a bicycle pump, if a three-way 
connection be ma8e for the globe, pump, and manometer. By 
this means a greater difference of pressure and of weight may 
be obtained. 

The manometer used for pressures less than that of the 
atmosphere may be a glass tube dipping into a vessel of 
mercury, and in this case h is simply the difference of level 
inside and outside the tube, H being taken as the barometric 
height. When the pressures are greater than this, a U-tube, 
with one limb of considerable length, is ndfcessary, the differ- 
ence of levels in the limbs being noted. 


10 . 

To determine the Mean Internal Diameter of, and to 
calibrate, a (Maes Tube.— The ends of the tube should be 
ground flat and at right angles to the axis by holding the 
tube near the lower end and rubbing it upon a smooth flag- 
stone plentifully wetted. The tube should be held vertically 
during the grinding. 

It is then, after cleaning and drying, filled with mercury by 
immersion in a trough of the liquid. For this purpose a long 
trough«about three-quarters of an inch deep and of equal width, 
cut in a flat board, is convenient. 

The tube after filling is withdrawn by a finger placed over 
each end, or by holding small glass plates over them, and the 
mercury is poured out into a previously balanced beaker. 

The weight of the mercury is found, and its weight, divided 
by the density at the existing temperature, gives the internal 
volume of the tube. But — 


Volume * * * diawl ^rly.»ength 
4 






volume 


hence the mean diameter — *~x length 

A slight error is introduced when the tube is closed by the 
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fingers, owing to their entering a small distance, but unless the 
tube be very short indeed this is negligible. 

To calibrate the tube, i.e. to compare the sectional areas at 
various points of its length, a thread of mercury about one or 
two centimetres long should be introduced at one end. The 
tube is then clamped horizontally under a reading microscope, 
and the length of the thread measured. The distance of its 
centre of length from the end of the tube should also be noted 
to the nearest millimetre by a scale. The reading microscope 
is a compound One furnished with cross-wires, and movable 
along a horizontal scale, from which the distances moved may 
be read. The cross-wire should be focussed without parallax 
upon the end of the thread's meniscus. This is not theoreti- 
cally the correct position, for the object is to obtain the length 
of a thread with plane ends. Attempts to estimate this may be 
made in adjusting the cross-wires, but the advantage gained by 
most observers is probably counterbalanced by the consequent 
want of a definite point on which to focus. 

The observations mentioned having been made and noted, 
the thread should be displaced through nearly its own length 
along the tube. This is conveniently done by attaching a few 
inches of rubber tube to that end of the glass tube at which 
observations are started. By compressing this from the open 
end toward the other, the thread may be driven alon$£ The 
same observations as before are made, and the operations 
repeated until the thread reaches the other end of the tube. It 
is then poured into a previously balanced beaker and weighed. 

This weight, divided by the product of the density at the 
existing temperature and the length of thread, gives the mean 
sectional area of tube for each position of the bead's centre. 

Results should be tabulated thus ; 


Distance from end of tube to 
centre of thread. 

Length of thread. 

Sectional area. 

f 




A line should also be drawn on squared paper equal in 
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length to the tube, and at^engths along it corresponding to the 
positions of the thread’s centre, ordinates erected to a large 
scale representing the sectional area minus some constant 
number at each. An even curve should then be drawn through 
the extremities of the ordinates. One end of the tube and of 
the curve should be similarly marked to prevent the curve 
corrections being applied from the wrong end. 

The graduations bf burettes, measuring vessels, etc., may 
be calibrated by filling with water or mercury, running out and 
weighing the volumes between noted graduations, and dividing 
by the density of the liquid. Mercury is by far the more 
satisfactory liquid to use, as it does not wet the surfaces ; in 
the case of water, a certain amount always adheres, so that the 
entire volume between divisions is not run out. 

In reading the level of a liquid within a graduated tube 
any difficulty introduced by the meniscus may be avoided by 
using an Erdmann’s float. This is a short glass tube weighted 
at one end and bearing a transverse mark. The position of 
the mark relatively to the graduations is read. 

11 . 

To determine the Volume of a Solid by the Displace- 
ment T>f Liquid. — In this method, which is only applicable to 
solids which are denser than some convenient liquid, a siphon 
is required with its short arm drawn out to a narrow orifice. 

This is hung over the edge of a vessel with its short arm 
external. The vessel must be of such dimensions that, when 
the liquid inside is level with the outer end of the siphon, there 
is a sufficient depth to submerge the solid. 

The vessel is then filled with the liquid to slightly above 
this level, the siphon filled by suction, and as much liquid as 
will is allowed to flow out into a beaker. 

The flow having ceased, the solid # is # gently dropped into 
the vessel, and the liquid which flows from the siphon collected 
in a measuring-glass previously placed to collect it. 

The siphon reduces the level of the liquid to that of its 
outer end* This condition exists before the solid is immersed. 
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and finally when all flow has ceased. « Consequently the volume 
ofliquid in the measuring-glass is the volume raised above this 
level by the immersion, and equals that of the solid. 

The density may also be determined if the solid be 
previously weighed. 

The most convenient liquid for use is water or alcohol 


12 . 


To determine ‘the Density of a Body which is denser 
than Water, and insoluble in it. — The density of a substance 
is, correctly speaking, its mass per unit volume. The term, how- 
ever, is often applied to the weight of the same volume. With 
this latter significance, it is numerically equal to the specific 
gravity of the substance, />. the ratio of the mass of a volume 
of the substance to that of the same volume of %ater at 4 0 C. 

Though “specific gravity” is an expression established by 
long usage, it is preferable to use the term “ specific density.” 

it will be noted by those acquainted with dimensional 
equations that, whereas specific density is of zero dimensions, 
density is of the form |M] [L]** \ 

The specific density is that found experimentally, but from 
this the absolute density may be calculated. 

A jar is placed over the left-hand pan of a balance upon 
a stool so adjusted that the pan can move freely beneath. 

A length of fine thread is measured, a loop made at one 
end, and its weight found by suspending it from the hook 
supporting the pan. The free end is then tied to the body 
which is suspended inside the jar. Loose ends of the thread 
should be cut away and measured, so that the actual length in 
use is known. Let L be the original measured length, / the 
total length cut away, u\ the original weight, no the final weight. 
Then- 



Very fine wire may be advantageously employedanstead of 
thread, the same measurements being made. 
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The suspended body #tnd thread are then weighed in the 
empty jar. Let their weight be W x . Then W x — w is the 
body’s weight. Water recently boiled and cooled down is 
then poured into the jar until the body is completely covered. 
The apparent weight is found again. Let this be W 2 . Then 
W, — w is that of the body if the small volume displaced by 
the thread be neglected. Before this weighing, all air-bubbles 
should be removed from the solid by touching them with a 
wire or camel-hair brush. The difference between these 
weighings equals the weight of water displaced by the body. 

Therefore the relative density to water at the existing 
temperature is— 

W, — w __ W, — w 

(W, - w) - (W 2 - w) ~ Wj~Ws 

and to water at 4 0 C. — 

\V — w 

- X density of water at the existing temperature 

W| — W # 

Now, W x — W 2 is the approximate volume of the solid, and 
when divided by the density of water at the temperature of 
that used, is that volume exactly. 

Dividing the body’s weight by its volume, therefore, the 
density is found. 

In exact determinations correction should be made for the 
displacement of air. 


13 . 

To determine the Density of a Body soluble in Water. — 

The same method is followed as in the previous determination ; 
but a liquid of known density, in which the body is insoluble, 
is used instead of water. Let this liquid's density be d. Then 
the volume of liquid displaced , is equal to— 

(W, - w) - (W, *- iv) W, - W,. 

_ as - 

and this equals also the volume of the body. 
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Hence the density may be found.. 

For exact determinations it is necessary to know at what 
temperature the liquid has the density of d t and either to use 
it at tliis temperature, or apply corrections. 


14. 

To determine the Density of a Body less Dense than 
Water. — If the body, though lighter than water, be heavier 
than some convenient liquid, the method of the preceding 
determination may be applied. 

The more generally applicable method is to find the weight 
of the body in air when suspended, as described in Art, 12. 
Let this be W,. A heavier body, called a “ sinker,” of sufficient 
mass to sink the lighter, is then attached to the latter. Let 
the weight of the combination in air be W 2 , and iif water \\\, 

Lastly, the “sinker” alone is weighed in water. Let its 
weight be W 4 . For accuracy the weight of thread should in 
each case be deducted from the observed weights. It is an 
advantage for the sinker to be provided with a hook, so that 
a considerable amount of immersed thread may be avoided. 

The weight of water displaced by the body is — 

(W 2 - W 3 ) - |(W 2 - W.) - W 4 } = W, + W 4 - W? 

From this it will be observed that so far as obtaining the 
result is concerned, the weighing of the combination in air may 
be omitted. 

The relative density to the water used is — 

W 

w7+w 4 - w, 


and to water at 4 0 C.- 


W._ 

w,+w;-w; 


X density of water at existing temperature 


Now* W| + W 4 - W, is approximately, and W t -f VV 4 - W* 
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divided by the density of \*iter at the existing temperature is 
exactly, the volumh of the body. 

Therefore, dividing the weight of the body by its volume, 
the density is found. 

Results should be tabulated thus : 

(a) Weight of body in air. 

(b) Weight of combination in water. 

(c) Weight of sinker in water. 

( d ) Volume of body. 

(e) Density of body. 


10 . 


To determine the Proportions in which Two Substances 
of Different known Densities enter into the Composition 
of a Solid. — I«et d { and d x be the densities of the two con- 
stituents respectively, V x and V a their volumes, and let no 
change of volume occur on mixing. 

The compound body is weighed in air and water as ex- 
plained above. Let W be its weight, and V its volume. Then, 
the total weight of the body being the sum of the weights of 
its components — 


W = YA + (V - Y x )d t 


V x = 


W - Y dj 

d\ d* 


and V a = 


W - V,^ 
d% 


In this way the volumes are determined. 

If the solid contain air cavities, the total volumes of the 
latter may be found with sufficient accuracy in most cases by 
putting d x or d % = o. 


16 . 

To determine the Density of a Liquid — first Method.— 
A body is suspended by a thiead from the hook on which the 
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scale-pan hangs and weighed in at'r and in water. Let* the 
difference between these weighings be W,. 

The jar of water is then removed, the body dried, and a 
jar of the liquid who'se density is required is substituted. The 
body is now weighed when immersed in the liquid. Let the 
difference between the weights of the body in air and in the 
liquid be W 2 . 

Now, IV, and W, are the weights of water and of the liquid 
which have the same volume as the body. 

The relative density of the liquid to water at the existing 
temperature is— 

W, 

w; 


and to water at 4 0 C.- 

W, „ . . 

yy X density ot water at existing temperature 

This expression is also numerically equal to the density of 
the liquid. 

Second Method . — By means of a density bottle. The 
density bottle is a small glass flask having a capacity of 10 
to 100 grams of water, the larger sizes furnishing * more 
accurate results. The stopper is in some cases drilled through, 
allowing any displaced liquid to escape when it is inserted in 
the bottle. In other cases, a thermometer with its bulb inside 
the bottle, and its scale rising above the stopper, is made in 
one piece with the latter. Sometimes a side tube is present 
from which the excess of liquid may escape. This generally 
bears a mark to which the level is adjusted. 

The bottle is placed in the balance-pan, and weighed when 
empty and perfectly dry. It is then filled with water, which 
should have been boiled some lime previously to expel any 
gases in solution, an<f after being thoroughly dried externally 
is again weighed. 

The difference of these weighings is the weight «of water 
contained. Let it be W,. 
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l The water is then poured away from the bottle, as much 
being shaken out as possible. The bottle should then be 
rinsed with alcohol, and dried by means of small rolls of filter 
or blotting-paper, ultimately being washed out with ether. 

When perfectly dry it is filled with the liquid of which the 
density is required, and again weighed/ Let the difference 
between this weight and that of the ethpty bottle be W s . 

Then, since W, and W s are the weights of equal volumes 

W 

of water and the liquid, the relative density of the latter is 
• , "1 

or, applying the correction for temperature, which should be 
observed at the time of weighing, to water at 4 0 C. — 

W. 

W X density of water at observed temperature 

This is numerically equal to the density of the liquid. 

A Sprengel’s tube is sometimes used instead of the density 
bottle. This is a tube dojubled on itself like a U-tube, the 
open ends being turned outwards away from one another and 
drawn out to narrow orifices. Jt is filled by suction, and dried 
by drawing alcohol and afterwards air through. Its method of 
use is, otherwise, as that of the density bottle. In the absence 
of both, a piece of glass tubing may be blown into a necked 
bulb, and a mark, to which it should be filled, made on the 
neck. 


17 . 

To determine the Density of a finely divided Solid by 
Means Of the Density Bottle. — The weight of the perfectly dry 
and empty bottle is firstly found. Let this be w. 

The fine solid is then put in the bottle, and the combined 
weight found. Let this be W. 

The,weight of the solid in air is therf W - w. 

Sufficient distilled water is poured in to cover the substance, 
and air-bubbles are removed by rotating the bottle about its 
axis while held in an inclined position. It is subsequently 
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filled with the water, dried externally, and again weighed. Let 
its weight now be VV 4 . 

The solid is thoroughly washed out, and the bottle weighed 
when filled with water alone. Let this weight be W 2 . 

The weight of water displaced by the solid is then — 

<W 2 + W - w) - W, 

and the relative density of the solid to water at the existing 
temperature is— 

W - w 

w; + w - wr- w 

and to water at 4 0 C. — 


W — w . . r 

* denslt y water at existing temperature 


This is numerically equal to the density of the solid. 

If the substance be soluble in water some liquid of known 
density in which it is insoluble may be employed in place of 
the latter. 

Let the density of the liquid be d. 


Then the volume of the substance equals 


W* + W — Wj — u\ 
~d 


and iK density i 

In making an exact determination, it is necessary to know 
at what temperature the liquid has the density d, and to use it 
at this temperature or apply corrections. 


18 . 


To determine the Density of a Solid by Means of- 
Nicholson’s Hydrometer. — This instrument consists of a 
hollow float made of fhin sheet metal, from the top Of which 
rises a thiii stem carrying a pan ; another wire projects from 
the bottom, and is connected to a weighted pan below. 

The centre of gravity, preferably called the centre of mass, 
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is neaftr its lower end ; so tha$ if floating it maintains a vertical 
position. 

Before use the upper wire should be rubbed with a piece of 
rag or cotton w r ool moistened with alcohol. This removes 
any greasiness, which if present creates an uncertainty in the 
level at which the hydrometer floats. 

A tall jar is then filled with water which has been boiled 
some time previously and cooled. 

In this the hydrometer is floated, any adhering air-bubbles 
being removed by a brush, and weights are placed in the upper 
.pan until the mark on the upper stem is level with the surface 
of the water. If no available weights exactly do this, the 
weights “which respectively allow it to rise above, and sink it 
below, the surface should be noted, and that which would be 
requisite estimated. Let this be W 2 . 

The weights are then removed, the solid placed in the pan, 
and sufficient weights added to again bring the mark to the 
surface. Let these weights be W 2 . The weight of the solid in 
air is then \V X — W 2 . 

The body is then removed to the lower pan, and weights 
placed in the upper till the mark is as before. Let these be 
W 8 . The weight of the immersed solid is W, — W 3 . 

The difference of these weights in air and water, viz. 
W 8 — W*, is the weight of the solid’s volume of water. 

Hence the relative density of the solid to water at the 
temperature of that used, which should be noted, is — 

Wi - W. 

w 8 - Wa 

and to water at 4 0 C — 

W, — W 

~~ X density of water at the existing temperature 

This is also the density of the solid. 

If the # solid be soluble in water some •other liquid in which 
it is insoluble and of which the density is known may be used. 
The correqfions in such a case have been pointed out in 
Art. 17. 
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19 . 

To determine the Density of a Liquid by Means of 
Nicholson’s Hydrometer. — The hydrometer, being dean and 
dry, is firstly weighed. Let its weight be w. It is then floated 
in water previously freed from dissolved gases by boiling, and, 
any adhering air-bubbles being removetl, the weight which, 
placed in the upper pan, brings the stem mark to the surface of 
the water is noted. Let this be W,. Then W, -f w is the 
weight of water which equals in volume that portion of the 
instrument immersed. 

The hydrometer is taken from the water and carefully dried. 
The jar also is emptied, dried, and filled with the liquid of 
which the density is to be found. In this, with the same pre- 
cautions as before, the hydrometer is floated, and the weight 
which,- placed in the upper pun, brings the stem mark to the 
surface observed. Let this be W,. Then the weight of liquid 
displaced is W* -f w. Thus W, -f w and W s + w are the 
weights of water and of the liquid respectively having the same 
volume. 

The relative density of the liquid to water at the tempera* 
ture of that used is — 

WH- «/ 

Wj -f w 

and to water at 4 0 C. — 

x density of water at the existing temperature 

W, -f w 

This is also numerically equal to the density of die liquid* 


20 . 

To determine *the Density of a Liquid by Hgans of a 
Variable Immersion Hydrometer.— Since a body when floating 
is immersed to such a depth that the weight of thg volume of 
liquid displaced equals its own weight, it is obvious that in 
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liquid of different densities different volumes of the body will 
be immersed. It 'is therefore possible to graduate a con- 
veniently shaped body so that particular divisions upon it are 
at the surface when it floats in liquids of certain densities. 
Such instruments are termed variable immersion hydrometers, 
and consist of a float, at the bottom of which is a heavy mass, 
and above which rises a graduated stem, indicating the density 
of the liquid in which it is floating by that reading which 
coincides with the surface. 

One of the best-known forms is the “ T waddell's ” hydro- 
meter. 

It is used for liquids denser than water, and, to obtain 
greater sensitiveness, any one instrument is graduated to show' 
a difference of only about o' 13 in density between its lowest 
and highest readings ; an entire set of six measuring densities 
between 1 and t) i "85 . To obtain the density the hydrometer 
reading is multiplied by 5, divided by 1000, and increased 
by 1. 

Using an instrument for densities between 1 and via, a 
series of solutions of common salt should be made, the weight 
of salt added in each case being noted, and the corresponding 
density of solution read from the hydrometer. 

A hydrometer with an ungraduated stem may also be used 
to find densities if its stem be of uniform cross-section. In 
this case the diameter of the stem should be measured with a 
micrometer gauge or vernier calipers, and its sectional area 
calculated. Let this be A. The instrument should then be 
floated in water, and that point of the stem which is level with 
the surface noted. To do this the length of stem from the top 
down to the water-level must be measured, either by a cathe- 
toroeter or by a scale held adjacently. 

; It is then floated in the liquid whose density is required, 
and the same observation is made as before. Let the length 
of stem between the noted points be L. 

The hydrometer is then carefully dried land weighed. Let 
its weight be W. 

Then the volume of the part immersed when in water was 
equal numerically to W, and when in the liquid. to W ± 43 U 
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and the weight of these volumes vas in each case equal t§> that, 
W, of the hydrometer. 

Therefore the density of the liquid is - T ~ 

W ± AL 

Owing to the difficulty of determining the positions on the 
stem with exactness, and the density found thus being only 
approximate, it is no particular use applying a temperature 
correction for the density of the water. 


21 . 


To determine the Density of a Liquid by the 'Method 
of Balancing Columns. — The apparatus required for this 
method may be in either of two forms* 

(a) Two glass tubes, not less than half a metre long and 
about 7 mm. bore, are clamped vertically and adjusted by a 
plumb-line, one dipping nearly to the bottom of a glass vessel 
of water, the other in one of the liquid for which the density is 
required. The upper end of each tube is connected by a short 
length of rubber tubing to a three-way piece. 

The remaining branch of the three-way piece is also fur- 
nished with rubber tubing, which may be closed by a clip. Air 
is sucked from this tube, drawing up a column of liquid in each 
limb. 

When that of the less dense liquid is near the top of its tube, 
the clip is tightened. The heights of the columns above the 
external surfaces are then measured by the cathetometer or 
with a scale. 

Now, in each tube the pressure of the column per square 
centimetre at the level of the external liquid equals the 
atmospheric pressure minus the pressure of the enclosed air. 

T bus, if H* be the height of the water-column, H a that of 
the liquid, d x the density of the water, of the liquid — 


= H 2 <4 and d 2 =s 



and the density may be determined. 
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Q) This .form of apparatus consists of two glass tubes of 
7 mm. bore, bent found at one end forming U-tubes, of which 
the one limb should be about 15 cms. long, the other not 
less than half a metre. These should be clamped vertically 
and adjusted by a plumb-line. Their shortef limbs are 
connected by a short piece of rubber tube well bound to the 
glass tubes. Water is poured into the one, the liquid into 
the other tube, imprisoning a quantity of air in the short 
limbs. Water and liquid are then alternately poured into the 
tubes until one of them is nearly full. During this filling, 
care should be taken that the levels in the short limbs do 
not reach the indiarubber tube. 

Thd difference of levels in the limbs of the water-tube and 
of the liquid’s tube are measured, and, as before — 


IV, = H,4 and d t = 

It will be noted that, by either method, the accuracy of the 
determination is proportional to the lengths of the columns. 


22 . 

To determine the Density of Water at Various Tem- 
peratures by Means of a Hydrometer. — For this purpose 
a special form of Nicholson’s hydrometer should be used. 
Sensitiveness in such an instrument is proportional to the 
volume of the float, and inversely as the square of the stem’s 
diameter. Therefore one having a slender wire surmounted 
by a small pan should be adopted. The size of the float is 
limited by the fact that if the mass of the instrument be large 
its period of oscillation is inconveniently large. 

An instrument of blown glass, weighted belbw so that its 
stem floats vertically, is far superior to one of metal. Dipping 
the open end of the stem into a little Indian ink for about a 
cms. of its length, so that its interior is blackened, forms an 
excellent adjusting mark. 

The method of use is as explained in Art 19 . 
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The water to be used should bc> poured while hot int6 the 
jar. The weight which brings the stem-mark level with the 
surface and the temperature having been noted, the water 
should be allowed to cool a few degrees, and the observa- 
tions repeated. As lower temperatures than those usual in 
laboratories will be required, it is well to use as small a jar as 
possible, and to place it inside a larger vessel, which may act 
as a cooling jacket. By putting cool water, and ultimately ice, 
in this vessel, the water in the jar, which should be stirred 
between the observations, may be brought almost, to zero. 
Readings should be very carefully taken near 4 0 C. 

Results should be tabulated thus : 


Temperature. 

1 1 

[ Weights in pan. 

Total weight. 

Density. 

, 


( 



A curve should be plotted with temperatures as abscissae, 
and the difference between the density at those temperatures 
and the maximum density as ordinates. 

23 . 

To determine the Density of a Solid by Meana of 
Jolly’s Balance. — This instrument consists of a spiral spring 
fixed above to a rigid frame, and carrying two pans below, one 
vertically beneath the other. On the straight wire proceeding 
from the spring to the upper pan is a mark, the position of 
which may be read by a cathetometer or a scale affixed to the 
frame. This mark should pass completely round the wire, and* 
the scale be engraved on mirror glass, so that upon reading, 
the mark and its image may be made to coincide, and parallax 
avoided. 

In making a detertnination the lower pan is imnjersed in 
water to such a depth that the arms connecting it to the single 
vertical wire are entirely submerged. The solid is tjien placed 
m the upper pan, and the division of the scale at which the 
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mark* comes .to rest is nototi. Weights are now substituted 
for the solid, and Adjusted until the mark is in its previous 
position. This weight equals the weight of the solid in air. 
The weights being removed from the upper pan, the solid is 
placed in the lower, and carefully freed from any adhering air. 
Weights are now added to the upper pan until the mark is 
again at the noted scale division. This weight equals that of 
the water displaced by the solid. 

The relative density of the solid to the water used is its 
weight divided by that of the water. Multiplying this by the 
density of water at the existing temperature, the relative density 
to water at 4 0 C is found. This is equal to the density. 

If the solid be soluble in water, some liquid in which it is 
insoluble, and for which the density is known, may be used. 
In this case the expression given above for the density must be 
multiplied by thg density of the liquid. 

For accurate work it is necessary to know at what tempera- 
ture the liquid has that density, and either to use it at that 
temperature or apply corrections. 


24 , 

To determine the Density of a Liquid by Jolly’s Balance. 

— The lower pan is immersed in water, and the weight of 
water displaced by some solid which is insoluble, found as 
explained. Let this be Wj. 

The water is then removed, after which the solid, pan, and 
wires are carefully dried. 

The operations are now repeated with the liquid in "place 
of the water. Let the weight of liquid displaced be W 2 . 

The relative density of the liquid to water at the temperature 
of that used is — 

W, 

W x 

and to water at 4 0 C. — 

W 

X density of water at the existing temperature. 

This is also numerically equal to the density of the liquid. 

P 
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25. 

On the Use of the Hicks Bead Hydrometer.— In this 
instalment, which is extensively used for indicating the con- 
centration of acid in storage cells, four coloured glass beads 
are enclosed in a flat glass tube perforated at the bottom. 

Each of these beads is adjusted so that it just rises to the 
surface when in liquid of the density to which it corresponds. 
These densities are given on one side of the tube, viz. 1*2, 
ri9, 1*17, and 1*15. 

Unless the density of the liquid in which the tube is im- 
mersed happens to be equal to one of these, all that* can be 
determined directly are two densities between which it is. 

The density may, however, be found exactly, if there be a 
liquid with which the first liquid will mingle, qr a solid which 
is soluble in it, provided that its density be not the same, and 
tlxat no chemical action occurs. 

Let a known volume, V„ of the liquid whose density d x is 
required be taken, and the beads be placed in it. A measuring- 
glass is then filled with a noted volume of the other liquid for 
which the density d % is known. 

This liquid is slowly poured and stirred into the first until 
one of the beads at the bottom begins to rise, or till one at the 
top begins to sink, according as the added liquid is more or 
less dense than the other. A density d A is thus indicated for 
the mixture. Let V a be the volume of liquid added. Then — 


V/* + (V, + v 2 k, 


, _(Vi + VM-VA 

V x 

For practical convenience the densities d x and d 2 should differ 
considerably. 

Except in the case of an aqueous solution, which can be 
diluted with water, other methods of determining the density 
present less trouble. 
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26 . 

To verify the Laws of Motion by Means of Atwood's 
Machine.— Atwood’s machine consists of a vertical column 
some 8 feet or so in height, and graduated along its length. 
At the top is a pulley, which should have as little mass as is 
consistent with due strength. 

The axle of the pulley should be carried by friction wheels 
to minimize friction. Over its grooved edge # runs a fine cord, 
to each end of which weights may be attached. Three shelves, 
the vesical position of which is adjustable, are attached to the 
column, from which their relative positions may be read. These 
are vertically beneath the cord hanging from one side of the 
pulley. The middle shelf is cut away, so that certain weights 
can pass it uninterruptedly as the cord to which they are 
attached descends, and often takes the form of a ring. 

Certain other weights, which may be termed “motive 
weights,” are intercepted and lifted from the cord. 

A seconds pendulum is sometimes attached to the column 
to facilitate the measurements of time. In the absence of this 
a stop-watch should be used. 

The cord used, preferably one of silk, should be light, 
strong, and as inextensible as possible. 

Two corrections have to be applied to the weights and 
masses employed: (a) For friction % the least weight which when 
added to one of the two suspended masses just maintains 
uniform motion should be found by adding it and gently 
starting motion: let this be w. (b) For the inertia of the 
pulley, which virtually increases the masses moved. Let the 

equivalent addition of mass be 

(1) To find the Acceleration produced with Given Masses 
at the Snds of the Cord, and a Given MfitiVe Weight.— Let a 
weight W x be suspended from each end of the cord, and a 
motive weight W a be added to that end which is on the same 
side as the shelves. The weights on this side should rest upon 
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the uppermost shelf near the top of the column, and shoulfl be 
suddenly allowed to descend by turning the shelf on a hinge 
from beneath them. If this shelf be absent, the weights may 
be supported and released by hand. In either case the position 
of starting is noted. 

The middle shelf is then adjusted until some exact period 
of time elapses, as indicated by the pendulum or stop-watch, 
between starting the motion and hearing the motive weight 
strike it. Let the time of falling be T,. 

The two upper shelves retaining the same position, the 
lowest is now adjusted until some exact interval of time 
elapses between hearing the weights strike the middle and 
bottom shelves. Let this be T a . 

It may be assumed that the velocity during this latter 
period has been uniform. The assumption is easily tested 
by reducing the distance by half, or doubling it, and noting 
the time of descent. 

Let L, be the distance between the upper shelves, L, 
between the lower. 

Then the velocity acquired in falling from the top to the 
middle shelf was }'*. And the time in which this velocity was 

i J 

acquired was T,. Therefore acceleration produced is # -*?-. 

l,i a 

(2) To determine “ g,” the Acceleration due to Gravity.— 
All bodies are attracted toward other bodies with a force pro- 
portional to the products of their masses, and inversely to the 
squares of the distances they are apart. This force is sufficient 
to draw surrounding bodies toward the centre of the earth until 
they reach its surface. Since this force is proportional to mass, 
and the acceleration of a body equals the applied force divided 
by its mass, the acceleration is independent of mass. 

To find g, the operations described above are performed. 
Now, the force producing acceleration is W a — w t and the total 
mass moved is — 


W s + aW, + vi 
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or, quitting correction for the pulley — 

W 3 + aW , 

S 

Hence, in the latter case — 

g (W a - w ) _ _L,_ 

W 8 + 2W\ ~ T,T 2 

and g may be found. 

To use the more accurate expression, the observations must 
be repeated, using a different motive weight. * 

If time is read by a stop-watch, the positions of the shelves 
should, remain unchanged, but the new times be noted. Let 
W, be the motive weight, T,' and T*' the times. Then — 

(W./ - a >)g_ U 

~W/ + aW, + w' ~ T/TV 

w; +1 w,+^'Sfci 

Similarly, from the first set of observations — 

W, + 2\Vi + 1 o' 

L a 

Therefore — 

- (Wg — W 8 ')La 

* ~ T,T 8 (Wg -w)- T/T 8 '(\V 8 - w) 


If, however, the time be taken by a pendulum, it is better 
to readjust the shelves so that, with the changed motive weight, 
the times are as before. Let Lj' be the new length between 
the middle and lower shelf, W 8 ' the new motive weight. 


Wg -f 2W1 + w 


and 


(W 8 - 


W, + aW, -f to 
hence g 


U 

T,T, 


U 

~ 1\T 8 

(W, - W,') 
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(8) To. determine the Connection between Timer and 
Distance moved, when a Body starts from Best and moves 
under Uniform Acceleration. — Equal masses should be hung 
at the ends of the cord, and a small motive weight added to 
one of them. 

The distance between the top and middle shelf should be 
adjusted so that it is travelled over in half a second. 

It should then be increased to give times of r, i *5, 2, etc., 
seconds. A curve should be plotted with the distances as 
abscissae, and thetime squared as ordinates. 

(4) To determine the Connection between Final Velocity 
and the Distance moved from Rest under Uniform Accelera- 
tion. — The distance between the upper and middle shelves 
should be at first small, and the distance between the middle 
and lowest adjusted so that it is passed oven in some exact 
time. This distance divided by the time is the velocity when 
acceleration ceases at the middle shelf. 

This velocity should be found thus for various distances 
between the top and middle shelf. 

Results should be entered thus : 


Di>taoce moved under 
acceleration. 

Dhtaoce moved with J 
uniform velocity. 

Time. 

Velocity inquired 
during^acccleraiion. 


i 

i 



A curve should be plotted with distances moved under 
acceleration as abscissae, final velocities squared as ordinates. 


27 . 

To determine * the Relation between the Period and 
Length of a Simple Pendulum, and by its means to find the 
Value of “g,” the Acceleration due to Qravity.-VThc ideal 
simple pendulum consists of a mass concentrated in a point, 
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and suspended by a thread having no mass, so that determina- 
tions depending oh formulae deduced from the theoretical case 
can only be approximate. A small heavy sphere attached to 
a silk thread, however, gives results which, when coi reckons 
have been applied, are highly approximate. 

Let O be the point of suspension of a simple pendulum, A 
the position of the bob’s centre of mass when at rest, B its 
position at any instant during a vibration. The forces acting 
at B are the tension of the thread along OB, the force of 
gravity parallel to OA, and that producing an acceleration 
toward A along AB. 

These forces are proportional to the sides of the triangle 

AB 

OAB. Therefore acceleration toward A is and if AB 

g 

equal unity, this becomes y , where L is the length of the 

pendulum. If the angle AOB be small, AB may be con- 
sidered at right angles to OA. 

Now, it is proved in works on dynamics that the period of 
a body executing simple harmonic motion is equal to 2v 
•divided by the square root of the acceleration acting at unit 
distance from the mean position. A body has simple harmonic 
motion when it oscillates in a straight line on either side of a 
mean position, its acceleration being always directed towards 
the mean position, and proportional to its distance from it 

It will be noted that the pendulum’s motion, under the 
approximations mentioned, is of this type. Therefore its 
period, /.f. the interval of time between two successive passages 
in the same direction across the mean position, is given by — 

S 

The fact of the bob having volume may be corrected for 
by applying the formula, which is elsewhere shown to give the 
period of a compound pendulum, viz.— 
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where k is the radius of gyration tof the spherical bob |bout 

2 /^ 

its own axis. For a sphere, f? — — • 

The fact of the path being an arc, and not exactly a straight 
lin# as assumed, may be partially corrected for by multiplying 

( Ajj* \ 

1 + yJl's ) » where AB is the mean amplitude 

of the vibrations noted. This, however, if various lengths arc 
used, is a troublesome correction, and may generally be 
neglected. 

To determine the relation between the period and length, 
the thread should be attached to a perfectly rigid point 
of suspension, its length from there to the top of the bob 
measured, and the diameter of the latter found. The length 
of the pendulum is then the length of thread plus the radius of 
the bob. The number of swings is noted J)y a telescope 
focussed on the thread when at rest ; if this be on the upper 
part of the thread, the same adjustment serves for shorter 
lengths. In the absence of a telescope, a piece of paper with 
a line upon it, and another with a narrow window about an 
eighth of an inch wide cut out, should be placed behind and 
before the thread respectively in such a way that the centre of 
the slit, the thread, and the line coincide. 

The bob should then be drawn slightly to one side and 
released, so that it swings parallel to the paper screen. In a 
very exact determination, a thread should be looped round the 
bob and drawn back. Swinging is then started by burning 
this near to the bob. * 

The amplitude should be but a few centimetres. At the 
exact instant that, viewed through the slit, the thread is seen to 
coincide with the line, a stop-watch, previously set to Us zero, 
should be started. Counting the next transit in the same 
direction as r, the watch should be stopped at the twentieth. 
Care must be taken to count only those passing in the same 
direction. The time «of the twenty swings is then observed. 

T 

Let this be T. The period would then apparently be ~ , but 
a stop-watch, as a rule, only indicates to a fifth of a second, so 
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that.the actual time may Hhve been only a very little short of 
T + 1 secs. It thn only be said, therefore, that the period 
T T 

is between — and - • + o'ox secs. 

20 20 

The total time of a large number of vibrations should now 
be observed, the watch being started and stopped at transits 
in the same direction. The number in the interval need not 
be counted. Let T be this time, which, since it is the time of 
a large number of complete swings, must be divisible by the 
correct period. , Then, if the integer, which* differs least from 
T T 

the quotients of »jr and ^ ", be the same in each case, 

— — + o'oi 

20 20 

this integer is the number of swings in the time T. 

If die nearest integers differ, shorter times must be taken 
for T, Until they become identical. > 

Let this integer be N. Then, since there are N swings in 
» T* 

the time T, ^ is the period; or, since the watch only reads 
accurately to one-fifth of a second— 


Period * 


T + o'i ... o’r 
— jy — to within -^j- secs. 


Hence, using the correction for the bob’s volume, g should be 
found, 

Various lengths between too and 30 cms. should be taken, 
and the periods found. 

Results should be tabulated thus : 


T. 

r. 

N. 

r+N. 

Period. 



. 




A curve should be plotted with lengths as abscissae, and 
periods sqyared as ordinates. 
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28. 

To determine the Length of a Seconds Pendulum by 
Means of Eater’s Pendulum.— The Eater’s pendulum is an 
instrument devised to find the length of a seconds pendulum 
more accurately than is possible using the simple pendulum. 

A simplified form consists of a bar, weighted at one end, 
and carrying twcf sets of knife-edges. One pair of these is 
movable along the bar, which is so graduated that the distances 
between the upper and lower pairs may be read. 

A still less elaborate modification is a long bar drilled with 
holes at short intervals along its length, and swung from a 
knife-edge passing through one of the holes. 

Before entering into details as to its use, reference should 
be made to Art. 34, in which the vibrations of a compound 
pendulum are discussed. 

It is there shown that if the pendulum Oscillate about either 
pair of knife-edges with the same period, the distance between 
these edges is equal to the length of a simple pendulum having 
that period. 

The arrangements having been made as described in 
Art. 27 for noting the transits, and a thin straw haviftg been 
affixed to the pendulum, in line with its axis, to serve as 
a definite line for this purpose, the period is found, as there 
explained, when the pendulum swings on its fixed edges. 

The period is then found about the movable edges, which 
are adjusted until it is the same about themselves and about 
those that are fixed. Diminishing the distance between the 
knife-edges shortens the period about those that are movable. 

In the case of a simple bar, three holes, two of which are 
adjacent, should be found. These must be such that when ' 
swung from the adjacent holes, the periods are respectively 
shorter and longef than when swung from the third. The 
following method, which is in reference to the form with knife- 
edges, must then be applied to find the correct position : — 

Let two near positions of the movable edges be found such 
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that .the periods are respectively greater and less than about 
the fixed edges. 

Let T and T„ be the periods about the fixed and movable 
edges when that of the latter is least, T/ and T’„ when that of 
the former is least. 

These should be plotted as shown, where OX represents 
the distance between the shorter and longer positions of the 



movable edges. The ordinates represent the four periods 
minus that which is least. 

The point of intersection of the lines gives the correct 
position of the edges; and, by adding its ordinate to that 
period which was deducted, the corresponding period is 
obtained. 

The length of a seconds pendulum, ».<?. one of 2 seconds’ 
period, should then be calculated. 


29. 

To construct a Blackburn’s Pendulum of 1-second and 
^-second Periods.— This is a simple pendulum so arranged that 
while, as a whole, it vibrates in one plane, some length of it 
vibrates in another at right angles independently, the actual 
motion of the bob being compounded of the two vibrations. 

As shown, the suspension is divided into two parts, the 
lower a single thread attached to the bob, and of such length 
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as to bave the smaller period, thfe upper looped and o£ such 
length that the vertical distance between thfe points of suspen- 
sion and the centre of the bob is that of a pendulum having 
the greater period. 

The length of a pendulum of r second's period being 
calculated, that for one of half the period is readily found from 
the relation — 

T* L 

Ti* *“ Lj 

A thread is attached to the bob, and the shorter length 
marked off upon it from the centre of the bob. The free end 
is then tied round a thread of sufficient length to form the 
double suspension in such a way that the knot is at the marked 
point on the shorter, and can slide along the longer thread. 

One end of the long thread is fastened to a horizontal bar, 
and the other temporarily tied to the same, the knot being 
slipped down to the lowest possible point on it. The vertical 

distance from the points of attach- 
ment on the bar to the centre of 
the bob is now adjusted until the 
period of swing is that required. 
This vertical height may con- 
veniently be altered by shifting 
the points of attachment hori- 
zontally along the bar. These 
should be a considerable dis- 
tance apart, as the maximum 
angle through which the single 
suspension can swing is equal to 
that between the threads above 
it, any greater displacement caus- 
ing the latter to twist together. 

The resultant paths of the bob are known as “ Lissajous’ 
figures," and vary in form according to the relative phase of 
the oscillations. They may be traced by substituting a funnel, 
with a narrow pipe, filled with sand, for the bob. 
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30. 

To compare the Periods of Two Pendulums by the Method 
of Coincidences. — This method is applicable when the periods 
are approximately equal or multiples of each other. 

The two pendulums are suspended so that When viewed 
through a slit and at rest they coincide, one suspension being 
in front of the other. A rough observation is then made of 
the ratio of the periods. Let it be found riiat the shorter 
oscillates about n times, while the other does so once. 

Both are set swinging, and a stop-watch is started at the 
instant they cross the slit together in the same direction. The 
shorter gains on the other, crossing the slit earlier at first, and 
subsequently later. The transits of the longer after starting the 
watch are counted, until both again cross together in the same 
direction, when the watch is stopped. Let there be N transits 
in this interval T, that at which the watch was started being 

T 

counted as O. Then the period of the longer one is — , and that 
T 

of the shorter the positive sign being taken if it gained 

on the other, the negative if it lagged. 

If as found above, is a small number, the time of 
several coincidences should be taken, each coincidence being 
marked by a dash on a sheet of paper, while the eye is kept 
at the slit counting N. Let the watch be stopped at some 
coincident transit, which is found from the paper to be m, 
and let the vibrations of the longer pendulum and the total 
recorded time be N and T respectively. 

m 

Then ^ is the longer period, and the shorter. 


at. 

To determine “ g," the Acceleration due to Gravity, by 
rolling or gliding a Body do m an Inclined Plane.-— If a body 
of mass m roll or slide for a distance / down an inclined plane 
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of height H and of slanting length L, it loses qn amount of 

potential energy equal to mgt—-* This ener Ky has been 

L 


expended in the following ways : — 

(a) Overcoming friction between the body and the plane. 

(b) Imparting kinetic energy of translation to the body. 

(c) Imparting kinetic energy of rotation to the body. 

In the case of the body entirely sliding, however, the last 
of these quantities is absent. 

Supposing, as* is usually the case, the plane is of constant 
length, but of adjustable height, the quantity (a) may be found 
by adjusting the height till the body moves down the plane 
with uniform velocity. If this height be h — 


(<’) = 

It is necessary to start the motion by a slight push, as the 
statical friction is somewhat greater than that when the body 
is in motion. 

The remaining terms (b) and (r) are determined by increas- 
ing the height until the body starts without assistance when 
placed upon the plane, and observing the times in which it 
rolls over different distances, beginning with as short a distance 
as possible, and proceeding to the whole length of the plane by 
increasing steps. To do this, two blocks may be used, one 
supporting the body, and the other adjusted at a known 
distance. The body is released by drawing away the block, 
and a stop-watch started at the same instant. The watch is 
stopped when the roller is heard to strike the lower block. 
Three or more readings should, of course, be taken for each 
distance, and the mean time recorded. 

Results should be tabulated thus : 


Pittance moved. 


Time motion. 



V(.H 
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N&w, if a? be the velocity of motion down the plane at the 
end of any time /— • 

2 1 

V ~ 1 

For the final is twice the mean velocity since the body 

started from rest. But the kinetic energy of translation equals 

m? TT 
— . Hence— 


If the body rotates, its kinetic energy of rotation is equal 

tn A 

to 2L— where k is the radius of gyration and o> the angular 
2 

velocity. The latter equals if r be the radius of the body, 

since — revolutions are made per second. Hence — 

2 irr 

, \ mWv* 2mkV % 

r \ 2 

For a solid cylinder rotating about its axis, Xr equals - ; for 

2 

a hollow cylinder of external radius r and internal t\ A? equals 
and for a solid sphere, has the value — . Finally, 
therefore— 

,H h . 2 inP , »mPP 

m > l L = W ? / L + 

( i &\ u 

sL/ 

The mean value of ^ Z should be found from the 
table and employed. 


33 . 

To determine “g," the Aeeeleration due to Gravity, by 
Means of a Spiral Spring, and to find the Modulus of the 
Latter. — Provided that the load does not exceed a certain 
limit, the elongation of a spiral spring is proportional to it. 
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The ratio of the load, or stretching force, to the increase in 
length per unit length of the spring, is the latter’s modulus of 
rigidity. 

In determining it, the length of the unloaded spring should 
be measured, and a cathetometer focussed on its lower end. 

Weights sufficient to produce observable elongations should 
then be bung on the spring, or placed in a suspended scale- 
pan, and increased by steps, the corresponding extensions 
being noted by the cathetometer. (Weights of ao, 30, 40, 
and 50 grams are suitable for a brass spring about 3 cms. 
diameter, 10 cms. long, and of o*a cm. diameter wire.) 
Readings should be made increasing and diminishing the load. 

Results should be tabulated thus : 


Original length J 1 Extension, 


Extension 

Original length 


Modulus. 


A curve should be plotted with loads as abscissa:, exten- 
sions as ordinates. 

The above remarks apply to the positions of rest. When the 
load oscillates vertically, it executes simple harmonic vibrations, 


and the period ,qf any such vibration is 2ir\/ i ^ the 

.* v acceleration 

acceleration being that at unit displacement from the mean 
position, which equals the force producing unit elongation 
divided by the mass moved. The latter equals the mass of 
the weight in the pan plus about half the mass of the spring 
itself. Let «' be the weight producing unit extension. 

A noted weight is placed in the pan, and the period of 
vibration found in the same manner as for a pendulum. Let 
this be t, and, the weight plus half that of the spring be W,' 
Then— 


/ 



as asr 



Hence g may be found. 
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33 . 

To find the Centre of Mass of a Plane Lamina.— It is 
assumed here that the lamina is of a substance through which 
pins may be driven to serve as suspensions, otherwise a thread 
must be attached by means applicable to the nature of the 
substance. 

Let the lamina be suspended freely by a pin driven through 
near one edge, and from the pin let any small mass be hung 
by a thread in front. The point on the leaver edge of the 
plate where the thread crosses is then carefully marked. The 
centre of mass is then somewhere upon the line drawn through 
the pinhole and this mark. 

The pin is now driven through in a new position such that, 
as near as may be judged, the previous line will lie horizontally, 
and the mark made on the lower edge as before. Somewhere 
on the line drawn through these points the centre of mass will 
also lie. 

Therefore it can only be at their point of intersection, and 
at die centre of the thickness, provided the density be uniform 
in that direction. 

In finding the centre of mass for laminae of certain shapes 
eg. of an L form, where it lies outside, a drawing must be 
made oh paper, adjusted to the suspended figure, and the 
observed points marked on it, after- which the lines may be 
drawn. 


34 . 

To determine the Moment of Inertia of a Body ahont any 
Given Axis. — The moment of inertia of a body about any 
axis is the sum of the masses of all the elements into which it 
may conceivably be divided, each multiplied by the square of 
its distance from that axis. It may be proved that the moment 
of inertia about any axis is equal to that gbeut a parallel axis 
through the centre of mass, plus die mass of the body multiplied 
by the square of die distance between the axes. 

To deduce the connection between the moment of inertia 

■ 
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and the period of swing, it is neco*sary to consider the oscilla- 
tions of a compound pendulum. A compound pendulum may 
be defined as a body oscillating under the action of a force 
which is proportional to the distance of the body from its 
mean position, and always directed toward that point. When 
the body’s mass is concentrated in a volume, small compared 
with the distance between its centre and that about which 
the body swings, the pendulum is called “simple” Strictly 
speaking, however, a material simple pendulum is unobtainable. 

The point ab®ut which a body swings is termed its centre 
of suspension. That point on the line passing through the 
centres of mass and suspension at which the whole mass might 
be concentrated without altering the period or the kinetic 
energy, is called its centre of gyration, the distance between 
this c< ntre and that of suspension being the radius of gyration, 
usually indicated by k. The moment of inertia, indicated by 
I, is consequently equal to M£ 2 , if M be the mass. 

Let a compound pendulum, at an angle 0 with the vertical, 
fall to an angle ff, acquiring angular velocity <o, and having its 
centre of mass lowered a vertical distance If. Then— 

= M/H 

Let / be the distance between centres of mass and suspen- 
sion; consequently — 

ss jf(cQ8 ff — cos 6) 

Now, in a simple pendulum k and the length are identical 
Let L be the calculated length of one having the same period 
as the compound pendulum. Then, under the same conditions — 


o> 2 jr(cos ff — cos $) 


whence L = -=• 


k 2 
7 


Bur the period is equal to 2 iry 






GENERAL MEASUREMENT^ 5 1 

Tlius, by observing tl?e body's period when oscillated 
about the given akis, and finding its centre of mass, I may 
be determined. Also — 

I about centre of mass = 1- M/ a 

In the case of a plane lamina, the oscillation may be about 
a pin driven through, and the centre of mass found as explained 
in Art. 33, after which the plate is weighed to find M. 

If the body be not plane, a frame containing two pointed 
screws, fixed coaxially at an adjustable distance apart, is 
required. The points are screwed to clip the extremities of 
the given axis between them, but allowing the body to swing. 
The period is then noted. 



To find the distance of the centre of mass from that of 
suspension, a looped thread should be suspended over each 
point, close to the body, and a straight piece of wire suspended 
horizontally in the loops, so that it passes beneath the bo$y. 
The latter being at rest, the wire is raised by drawing ttp4lhe 
threads until it just touches it, when the pojjnfc of contact should 
be marked. 

The centre of mass then lies in the plane passing through 
this mark and the screw-points. 
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The vertical distance betweefi the mark and the screw* 
points should be measured with a cathe\ometer. Let this 
be D. 

A thread is then attached to the mark on the body, and led 
over a pulley held in a clamp about a metre distant. The body 
is then deflected by suspending a weight from the free end of 
the thread. This deflection may be about 30 °. The height 
of the pulley is then adjusted until the thread is horizontal, 
and the vertical distance between its point of attachment and 
screw-points meSsured. Let this be E. Then, if M be as 
before the mass of the body, and W the weight on the thread, 
0 the angle of displacement— 

WE * Mf/ sin 0 * Mg/(i - cos* 6)* 

The moment of inertia may also be determined by torsion, 
as explained in Art. 89, if the modulus of the wire be known. 


85. 

To determine the Koment of Inertia of a Wheel, and 
the Frictional Resistance Couple.— The wheel is rotated by a 
weighted cord, which unwinds itself off a drum attached to the 
spindle of the wheel Hie end of this cord is looped over a 
short peg projecting from the drum, so that, when quite 
unwound, it falls freely away. 

The potential energy lost by the weight in falling from rest 
through the height H is, if the weight be W, equal to HW. 

The cord should be wound exactly N complete turns upon 
the surface of the drum, of which R represents the radius. 
Then— 


HWaswRNW 

Otherwise H may be directly measured by winding the 
cord, and taking the position of the weight when wound and 
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when on the .point of slipping free. The weight W should be 
sufficiently large to* start motion without assistance. 

The potential energy lost is expended in the following 
ways: — 

(a) Overcoming the friction in the bearings. 

(/>) Imparting kinetic energy to the wheel. 

(e) Imparting kinetic energy to the falling weight. 

The first of these quantities is equal to the frictional 
couple, /.ft that couple which would just maintain uniform 
rotation of the wheel against friction, multiplied by the angle 
through which the wheel turns between the starting and drop- 
ping away of the weight. Let F be the frictional couple. 
Then — 

(a) rn awNF 

F may be determined experimentally by finding the least 
weight, which, during its descent, rotates the wheel, when once 
started, with uniform velocity. If this weight be w — 

F = wXR 
and (a) = 2vNa>R 

Another method of determining F is to note how many 
revolutions, entire and fractional, the wheel makes between the 
time of a weight W falling off, and its coming to rest. If these 
be a— 

jmF = (t>) 

since the whole kinetic energy of the wheel is ultimately 
expended in work against F. 

The kinetic energy of the wheel at the instant of the 
weights fidling away is equal to- 
il*,* 

if I be its moment of inertia, and a its angular velocity. 

Since it starts from rest, its final velocity* is twice the mean 
during the period of its acceleration. To find this, the time T 
between the weight’s starting and falling off is noted by a stop- 
watch. It is advisable to fix a block so that the weight strikes 
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it immediately after falling off, anil to stop the watch when the 
knock is heard, or H may be taken just less than the distance to 

the floor. The mean angular velocity is then 2™, and — 

.. _ 4*N 


so that (/') 


8^-Nn 

T* 


The energy ip the falling weight VV itself is equal to half 
its mass multiplied by its velocity squared. Its mean velocity 

during the descent is ~ and its final velocity when 

falling off is twice this. Therefore — 

8W**N*R* 


W 


£T‘ 


Now — 
HW i 


»RNW = »»NF + I^+wn-r; 

T> T fP 

Hence, if the first method of determining F is adopted- 
1= T\ R(W 92L’ 

4*N g 

or, if the second method is employed - 

RWT* WR* 


1 = 


The determination may be made without any observation 
of time if a strip of smoked paper be fixed round the circum- 
ference of the wheel, and a tuning-fork with a style be adjusted 
to just touch it. 

Let the period of the fork be /, and the measured diameter 
of the wheel be D.' 

The style of the fork is adjusted to touch lightly, and the 
fork bowed, immediately after which the weight is allowed to 
start its descent. 
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Shortly before the wheef has made a complete revolution, 
the fork is removed, and as soon as the wheel is stopped, the 
smoked strip is taken off. Two convenient lengths are then 
measured off on it in the ratios x and 4 , each from the point 
at which the trace started, and the number of whole waves and 
any fractional part between the two measured points counted. 
Let these be m. Then the wheel turned from the starting- 
point to the first measured point in the time mt seconds. Let 
S be this distance as measured. The corresponding angle 

Now, the angle turned = 1 twisting moment ^ 

The height through which the weight falls when the wheel 
is turned this amount may be measured, and the loss of 
potential energy equated to the three terms as before. 

It is necessary for the wheel to rotate with moderate 
rapidity to furnish a clear curve. This may be arranged by 
using a sufficiently heavy weight. 

From the introductory remark in Art. 34, it will be clear 
that by affixing bodies to the wheel, which in this case is more 
conveniently on a vertical axis with the cord over a second 
pulley, Jheir moments of inertia may be determined. 


36. 

To determine “ Y,” Young’s Modulus for the Material of 
a Given Wire. — If a substance be extended or compressed, it 
returns to its original form and volume upon removal of the 
force, provided it has not been strained beyond a certain 
extent, termed its “ limit of elasticity.” If strained beyond this 
limit, it acquires a “ permanent set,” 

Young’s modulus is a constant, applicable only within the 
limits of elasticity, and is the ratio of*the force applied on 
unit area {the stress), to the change in length produced on unit 
length (the strain). 

The simplest method of determining it is to suspend two 
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wires side by side from a rigid support, the one carrying a scale 
and just loaded to tautness ; the other, dn which investiga- 
tion is to be made, carrying a vernier and a pan. The latter 
should have just sufficient load put in the pan to pull it straight, 
and the scale should then be read. 

The load should now be increased by steps and the scale 
read for each. The same should, after the maximum load, be 
done in removing it by steps. 

The length of the wire is then measured, the diameter found 
by the micrometer gauge, and the sectional area calculated. 

Results should be tabulated thus : 


Original 

length. 

Load. 

Scale reading. 

| Extension. 


Increasing 
f load. 

Diminishing 
load. j 

Increasing 

load. 

Diminishing 

load. 

Original length 





[ 




The load divided by the ratio in the last column is the 
modulus for the particular wire. This again, divided by the 
wire’s sectional area, is Young’s modulus for its material. The 
mean value should be taken as Y. 

Curves should be plotted for the increasing and dinwnishing 
load results separately on the same axes, having loads as 
abscissae and extensions as ordinates. 

The volume elasticity is equal to NY-j- (9N - 3Y), where 
N is the modulus of rigidity. 


87 . 

To determine “ Y,” Young’s Modulus, by the Reflection 
of a Bar. — Let a bar, originally straight, be deflected into a 
curve, of which the mean radius is R. Then the part of radius 
less than R is in Compression, and that of greater radius in 
tension, the length of the neutral layer of radius R being 

unrfbmL Ut ihc length of thi. tajerb. to. 
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extension of «any layer at rSdial distance / from the neutral 
2ltl * 

layer is — , and if it be of unit width, and depth dl, the 

... - ... aw/ force per unit area awR 

total force upon it, since — = X > 

71 y tt 

y 

is jj/dV. And the moment of this about the neutral axis is — 

5 /W 

The sum of these terms for all the layers in the bar is equal 
to the bending moment on it. Let this be M. 

But /V/ for the whole section is its moment of inertia 
about die axis. 

Therefore M ** g 

where I denotes the moment of inertia. 



Now, measures the curvature of the beam, which may also 

be expressed by * being length along the bar, and y the 
deflection; so that — 

d*y M 

I 

Let a weight W be attached to one end of a bar, the other 
end of which is fixed. Then the bending moment at dm 
section distant x from the fixed end is W(L - x) ; so that— . 



S3 


Physical determinatioxs 


Integrating — 


YI 

W 


J-y 
d ’x 3 - : 


L — 


YI & - -1* 

W 'Jx ~ L X ~ 2 


dy 

the added constant being o, since x and . both equal o at the 

fixed end. Again integrating — 

YI La 3 a 3 

\V y ~ 2 6 


the constant again beiug o — 


Hence y = 


W ( L-v 3 
YI V 2 


A 3 

6 


) 


and at the extreme end, where x and L are identical — 

WL* 
y - 3 yi 

, , , . breadth X depth 3 , 

I for a rectangular section - - — ; for a 

I 2 


circular section. 


nr* 

T 



If the bar be" supported at each end on knife-edges and 
loaded in the centre, t the deflection is the same as would exist 
in one of half the length carrying half the load at its end. 


Hence its deflection = 


iW(iL) 3 WTA 
3YI “58YI 
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The zero <of the eye-piece scale of a cathetometer, or its 
cross-wire, should b*e focussed on some mark on, or connected 
to, the centre or end of the bar, according as the load is central 
or at the end. The load should then be increased by steps 
and, after the maximum, similarly diminished, the deflection 
being noted for each change. * The length between the sup- 
porting edges is measured by a scale, the breadth and depth of 
the bar by calipers or a micrometer gauge. 

Results should be tabulated thus: 

length of bar = 

Breadth of bar = 

Depth of bar = 

I of bar’s section = 


Load- Deflection, Y. 


wj / 1 

The value of Y is given by Y = ;j for a bar fixed at one 


WL 3 

end, by Y = for one supported at each end. The mean 
of the last column should be taken. 


38 . 

To determine “Y," Young’s Modulus, for Indiarubber 
by a Method of Oscillations.— One end of a rubber cord should 
be rigidly clamped so that it hangs vertically, and a light pan is 
attached to the lower end. The length of the cord is then 
measured. Let it be L. The period of oscillation is now 
found by placing a weight in the pan and observing the time 
of twenty or more vibrations. The ryotfon being simple 
harmonic, its period is— 
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as given in Art. 27, where W represents the weight in the pan 
plus that of the pan and half that of the 'cord itself, w being 
the force extending the cord by unit length. But by the 

Y 

definition of Y, this force w = ^ X sectional area of unloaded 
Y * 

cord s= j-n-r 3 , where r is the radius of the unloaded cord, found 
by measuring its diameter with a micrometer gauge. 


I’hus period = air ■\ < J — . 


L 

irr'Y 


,and Y = 


4wWL 

gf'r* 


Results should be tabulated thus: 

Original length of cord = 
Original radius of cord — 


Mnw in pan. 

Period of oscillation. 

Young** modulus. 





It may be mentioned that in the case of indiarubber no 
very concordant values of Y are obtainable. 


89. 

To determine the Modulus of Torsion for a Given Wire, 
and the Modulus of Rigidity for the Material of whieh 
it Is made.— The modulus of rigidity of a substance is the 
ratio of the force per unit area of a plane, situated at unit 
distance from a parallel fixed plane, to the displacement of 
that plane in a direction parallel to itself, the force being 
supposed to act atong the plane. 

This displacement is termed the "shear," and the modulus 
is denoted here by N. 
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The modulus of torsion if a wire is thit twisting moment 
which produces unit twist (i radian) in unit length of it, one 
end being fixed, and the couple applied at the other. It may 
also be defined as the ratio of the twisting moment to the twist 
produced in unit length. It is denoted here by T. 

To find the connection between N and T, let a circular 
wire of radius R and length l be taken for investigation. 

fm ft" fAMj L-r'Xf f 

The couple twisting this through unit angle is y< 

Consider now a narrow ring-shaped element of the sectional 
area of radius x and width dx. The shearing forreWming 
the end of this tube through unit angle at one end of the wire, 

N# 

its Other end being fixed, is per unit area -y> and the total 
force on the whole ring ^ — . This acts at a distance x 


from the axis, so that its moment round it is — . Now, 

the sum of this quantity for all the rings in the wire’s section 

IS—* 



, , wNR 4 

therefore - -j- 

and N 


wNR* 

2/ 

T 

l 

aT 

wR 4 


Two methods may be used in making an experimental 
determination. 

(a) The Statical Method 1— 4 wire is securely clamped 
above, atjd has a pulley attached rigidly to its lower end. 
Beneath this pulley is a disc with a graduated edge, or 
pointers moving over a scale. Two threads are wound round 
the pulley in opposite directions, and pass Over other pulleys 
to pans. If the deflections are given by a disc, a telescope is 
focussed uQon it Loads sufficient to produce various twists 
should then be placed in the pans, an equal load in each, and 
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increased by steps, the deflection Tor each being noted* The 
same should be done, removing the weights by steps, after- 
wards. The mean of the readings given by the two pointers 
should be taken for each load in order that the error produced 
by any bodily shifting of the disc to one side or the other may 
be eliminated; the length of wire twisted is then measured, the 
diameter found by the micrometer gauge at several places, and 
the diameter of pulley found. The deflections, if read in 
degrees, must be converted into circular measure. 

Results should be tabulated thus : 

Length of wire * 

Radius of wire = 

Diameter of pulley = 

Thickness of thread =* 


Load in 
each pan 

Couple. ; 

Deflection in degrees. 

Deflection in radians 

Modulus of 
torsion. 

Increasing 

couple. 

Diminishing 

couple. 

Increasing 

couple 

Diminishing 

couple. 









The couple ** (load in one pan) X (diameter o f pulley 
+ thickness of thread). 

The mean value of the modulus should be taken, and N for 
the material calculated. 

Curves should be plotted for both the increasing and 
diminishing couple observations on the same axes, with couples 
as abscissae and deflections as ordinates. 

(l>) The Vibration Method . — If the moment of inertia of the 
pulley and disc be I„ and the threads be removed from the 
former, they will oscillate after deflection in a period equal to 



for the movement is simple harmonic motion, and 


the acceleration of a rotating mass is the twisting moment 
at unit displacement divided by its moment of ir\prtia. Let 
the observed period be t % . 
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If I, be unknown, a body whose moment of inertia I* is 
known, conveniently a thin metal cylinder which may be fixed 
coaxially to the disc, may be added, I 2 for a cylinder being 
approximately mass X mean radius squared. The new period 
is then observed. 

Now, /, ss 27 T^/^ 
and ti — 27r t^y — 
therefore — t-i — ~ 


and T = 


4*VI S 

4* - ti 


The periods should be determined by the method explained in 
Art. 27. 

If T be known, the above method furnishes a means of 
determining the I of a rigidly attached body, about an axis in 
the same straight line as the wire. 

If the volume elasticity be found by the method of Art. 86, 
and the rigidity modulus by calculation from the torsion results, 
then the ratio of the linear lateral contraction to the longitu- 
dinal elongation per unit length of a stretched wire may be 
found. For this ratio, known as Poisson’s ratio, may be proved 

to be a constant and equal to • 3^1 . where K denotes 

the elasticity, ^tnd N the modulus of rigidity. 


40. 

To determine the Coefficient of Restitution of Substances 
in the Form of Bars by a Ballistic Method.— If two similar 
bodies of the same material impinge directly wpon one’another, 
the ratio of their momentum immediately after separation 
to that existing just before is termed the coefficient of 
restitution. 
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To determine this ratio ballfetically, two similar bars are 
suspended by fine threads, so that their axes are in the same 
straight tine and their faces just in contact when hanging freely. 
To each end of the bars are attached two threads as shown, so 
that while swinging the axis always lies horizontally in the 
same vertical plane. Parallel to the plane of motion are placed 
two scales, near to which move two light pointers attached to 
the outer ends of the bars, thus indicating the horizontal dis- 
placement of the bar when it is drawn away from the centre. 
The reading of one of these pointers when its bar hangs freely 
is noted, and the ends of a piece of thread are then fastened to 



the outer ends of the bars. This thread is passed over two 
small pulleys as shown, so that upon its middle part bang 
pulled and looped over a peg the bars aredrawn apart. Their 
position is adjusted until each »' displaced the same distance 
from its resting position, and this displacement is noted. The 
thread is now burned at its centre, releasing the bars, and the 
distance which the pointer originally noted rebounds back alter 
collision is observe^. The operations are repeated, the obser- 
vations being made on the other bar. Under the conditions 
mentioned, the readings in each case should be identical; if 
drey are not so, their mean should be taken. If die length of 
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the suspending threads is large compared with the horizontal 
displacements, the coefficient Of restitution i$ given approxi- 
mately by — 

-•A 

where L is the original displacement, / that after rebound. 

More accurately, cathetometer readings of the vertical 
distance h between the position of rest and at /, and H between 
the same and L, may be taken, the bars being drawn into the 
positions / and L by a thread. 

Tta>'= V / g 


41 . 

To determine the Value of the Surface Tension of a 
Liquid.— Owing to the attraction between the molecules in- 
ternally, the surface of separation between a liquid and any 
other substance is in a stretched condition, like a tight mem- 
brane. 

The stretching force along unit length of any imaginary 
line on 4he surface is termed the “surface tension.” The 
intensity of this varies according to the substances separated 
by the surface, but, unless otherwise stated, the surface between 
the liquid and air is understood. 

Where three separating surfaces meet, as at the side of a 
vessel partly filled with a liquid, it is found that either the 
tension between the air and the solid, or that between the 
liquid and the solid, is greater than the sum of the other two 
tensions. Hence, in the former case, it pulls the liquid up the 
sides for some distance, as is the case with all liquids which 
wet the solid; or, in the latter case, it depresses it, as is the 
case with liquids which do not wet solids, ^..mercury. 

The surface tension of the first type of liquid may be deter- 
mined by dipping a fine-bored glass tube into it. A column is 
drawn up tcf such a height that the downward pull of its weight 
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equals the upward pull of the surface tension round the inner 
circumference of the tube. Let the radiys of f the tube be R, 
the surface tension be T, the height of the column above the 
external liquid be H, and the density of the liquid be d. Then 
;he weight of the column is and the upward pull of 

.-url'ace tension is 27 rRT. 

Therefore wRW = 2 ttRT 

T _ RH</ 

2 

As it is essential for an accurate measurement that the 
inside of the tube should be wetted for some little distance 
above the top of the column, it is well to plunge its lower end 
somewhat more deeply into the liquid at first, afterwards raising 
it nearer to the surface. The levels are measured by a cathe- 
tometer after the tube has been clamped in a truly vertical 
position. As the vessel containing the liquid does not usually 
permit the external level to be found with any accuracy, it is 
necessary to adjust a needle of known length in a clamp, so 
that it is held vertically near the tube and having its point just 
in contact with the external liquid surface. The vertical dis- 
tance from the top of the column to that of the needle, plus the 
length of the latter, is then the total height of the column. The 
surface at the top of the column is a curved meniscus, and in 
reading its level, the cross-wire should be adjusted in the mean 
position between that of the centre and the sides. The internal 
diameter of the tube is found by cutting it across just above the 
top of the column, sticking it through a cork till the cut end 
just projects, and rubbing cork and tube on a smooth, wetted 
stone, after which it is placed under a reading microscope and 
measured. 

In the case of the second type of liquid, the surface tension 
may be determined by partly filling a u-tube having one limb 
of fine bore and the other of greater diameter. The liquid is 
depressed in th® fqrmer below the level of that in the wider 
limb. For let r be the radius of the narrow, R that of the 
wider tube, H the difference of level, d the density of the 
liquid, T the surface tension. Then the pressure ^>er unit area 



in the narrow *tube is 
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irr‘ 


aftd in the wider it is 


= -gj* The difference of these pressures equals that of 


the column supported. 

Hence 2 T 


(H)-« 

H</Rr 


and T = 


2(R-0 


42 . 

* 

To determine the Surface Tension of a Liquid by the 
Balance. — If a light metal plate be suspended horizontally 
from one arm of a balance and counterpoised, then adjusted 
until it lies upon the surface of a liquid and the balance pointer 
is at zero, the effect of adding weights to the pan is to raise the 
plate. Unless, however, the added weight is excessive, the 
plate is not dragged away from the liquid ; but by reason of 
the surface tension round its perimeter draws up a short column 
of the liquid beneath itself. If the height of this column be 
H cms., the density of the liquid be </, the area of the plate be 
A, its perimeter be L, and the surface tension be T, it is 
evident that the total downward pull on the plate must 
now be — 

HA/f+LT 


H may be determined by noting the ratio ,—fr ~ a ™ 

length of balance index* 

and the position of the index. Denoting the ratio by k, the 
distance of the index from its zero in centimetres by /, and in 
scale divisions by », the added weights by W, and the weight 
producing a deflection of one scale division by w — 


H = kl 

klkd -f LT = (VV - wn) 

T = f (W -wn- klkd) 
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It is evident that T is more accurately measured as \ 

A 

increases, so that the plate should be small. On this account 
a number of plates arranged parallel, and 5 mm. or more apart, 
in a vertical plane are advantageous. Their lower edges may 
then be immersed and the pull noted. If W be the weights 
added to keep the index at zero, and there be N plates, each 
L' cms. wide at the surface of the liquid— 

aNL'T = W 

and T ~ 

aNI? 


The lower edges should not dip deeply into the liquid, as 
corrections for the buoyancy of the liquid would then become 
necessary. 


43. 


To determine the Surface Tension of a Liquid by the 
Method of Drops.— If a liquid be allowed to flow slowly 
through a small tube clamped vertically, it falls intermittently 
in drops from the lower end. The size of the drop is deter- 
mined by the fact of its detaching itself when its weight equals 
the total puli of the surface tension round the circumference of 
the tube. Thus, if W be the weight of one drop, R the radius 
of the lower end of the tube, T the surface tension — 

W « awRT 

The lower end of the tube, which may conveniently be ot 
several millimetres diameter, should be ground off to a sharp 
edge perpendicular to the length. A short piece of thermometer ' 
tubing connected by rubber tube to the dropping tube and to 
a funnel held ih & retort stand prevents an unduly rapid flow. 
These being in position, the liquid is poured into the funnel, 
and, if necessary, the length of thermometer tuning adjusted 
until the dropping is sufficiently slow. A beaker of known 
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weight is then placed to receivl the drops, and a large counted 
number allowed to fall into it, after which it is again weighed. 
The increase of weight divided by the total number of drops 
gives W. The radius, of the tube is measured under a reading 
microscope, and T calculated from the relation— 



This method is not very reliable, owing to the difficulty 
of estimating what proportion of the water column’s hydro- 
static pressure is supported by the drop. 

44 , 

To determine the Surface Tension of a Liquid by 
Jager’s Method.-'-A tube of known diameter is clamped 
vertically with its lower end, which is ground off sharp and 
square, immersed in the liquid, and the minimum air-pressure 
in the tube which liberates hubbies from its lower end is 

observed. Since the pressure inside a bubble is equal to — 

where T is the surface tension, and r the radius of the bubble, 
it increases until the bubble is hemispherical. Beyond this 
point, however, the pressure due to surface tension is reduced 
as the volume increases, for r is increased. Thus the con- 
ditions arc' unstable, and the bubble is detached. 

That air-pressure, P, which is just sufficient to produce 
bubbles consequently satisfies the equation— 

p « ££ 4. jw 

where d denotes the density of the liquid, and H the depth of 
the end of the tube below the surface. This value of H is only 
approximate, but it may be taken as sufficiently accurate when 
the diameter of the tube is small compared with the depth to 
which it is immersed, In practice, comparative observations 
are more satisfactorily made. Two tubes of uqequal diameters, 
but connected to the same air supply, are immersed together in 
one of the two liquids of which the surface tensions are to be 
compared, and their depths adjusted until bubbles ate liberated 
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at the same rate from each. As* the disturbance of the liquid 
when a bubble from one tube is liberated is apt to distort and 
liberate the one on the other tube, a diaphragm must be placed 
in the liquid between the tubes. Let H„ d lt and T, be the 
difference of depth between the tubes, the density of the liquid, 
and its surface tension respectively. 



The tubes are now immersed in the second liquid and the 
same observation made. Let Hi, and T, have the same 
meanings as before. Then— - 

Tj ■ H,</, 

Ta H/i 

The air-pressure may very conveniently be produced by 
blowing through a 'piece of thermometer tubing into a flask, 
which acts as a regulator, and is connected to the bubble 
tubes. 
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40 . 


To determine the Surface Tension of a Liquid by 
SentiB’s Method. — The advantage of this over the ordinary 
capillary tube method is that the measurement of the internal 
diameter, in which a large percentage error is probable, is 
avoided. A fine-bored tube is filled with the liquid, and a 


0 



part of the latter allowed to flow out, forming a suspended 
drop at the end of the tube, which is held vertically in a 
stand. The maximum diameter of the drop is measured by 
a microscope with a micrometer eye-piece, and the position of 
the meniscus at the surface of the liquid inside the tube is 
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marked. A beaker of the liquid* is now placed foelow the drop 
and raised until it just meets it, emptying the tube. The 
position of the beaker is noted, and it is then further raised 
until the end of the tube is immersed sufficiently far to bring 
the meniscus of the drawn-up liquid to its original position. 
The position of the beaker is again noted. These two observa- 
tions of the height of the beaker may very conveniently be 
made by boring three small pits and a central hole in a block 
of wood to receive the legs of a spherometer, supporting a 
small beaker on the disc of the latter, and adjusting so that 
with the central leg screwed well down the surface of the liquid 
in the beaker is just below the drop. 

The vertical distance between the two positions of the 
beaker is equal to the height of the column of liquid which 
would be drawn up by a tube equal in internal diameter to the 
measured diameter of the drop. But denoting these by H 
and D — 


T 


HD 


X density of the liquid 


48 . 


To determine the Surface Tension of ft liquid by 

Quincke’s Method.— In 
the case of liquids which 
do not wet the surface 
with, which they are in 
contact, a large flat drop 
is obtained Upon a hori- 
zontal plane. By means 
of a cathetometer, the 
vertical distance between 
the upper flat snrfqce of the drop and that point on its 
curved edge at which the tangent is vertical measured, If 
H be this height, it may be proved that, very approximately— 
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T = HV 
2 

T being the surface tension, and d the density of the liquid. 

Liquids which do wet solids necessitate the employment of 
a flat plate fixed horizontally on legs inside a glass vessel, one 
side of which should be plane. The liquid is poured in to a 
sufficient depth to cover the plate, and a large air-bubble is 
blown underneath the latter by means of a bent tube. The 
same measurement is mad.e as in the previous case, but is now 
taken upwards from tbe lower surface of the bubble. 

The degree of approximation to accuracy depends upon 
the extent to which the curvature of the drop or bubble 
m a horizontal plane is negligible in comparison with that 
in a vertical plane; hence it is necessary that the horizontal 
diameter should be large. 


47. 


To determine the Snrfeee Tension between Two Liquids 
which do not mingle.-^The most simple method is a modi- 
fication of that by drops (Art. 48). A quantity of tbe less 
dense liquid is pouted into a vessel, and both are weighed 
together. A tube is clipped vertically with its lower end 
immersed in the vessel of liquid, and the denser liquid is 
allowed to pass slowly down it, felling in drops from its end. 
After some large counted number of drops have fallen, the 
vessel is removed and again weighed. The increase in weight 
being denoted by W, and the number of drops by N, the 
' ' ' . W 

weight in air of one drop is "jj* If d t be the density of the 

lighter, d % of the heavier, liquid, the weight of the drop in 

the lighter liquid is — and this was supported by the 

surface tension round the circumference. - Hence R being 
the radius of the tube* and T the Surface tension between 
the liquids- 1 - 
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gjrRT — 


W(d, - d t ) 


N4 

_ \m - 4 ) 

1 ~ 'ja-RNdT 


The method of Art. 46 may also be applied, a large drop 
of the denser liquid being produced on a horizontal plane im- 
mersed in the less dense liquid. In this case the expression 
for the surface tension becomes — 


T = 


3 


48. 

To determine the Viscosity of a Liquid by the Method 
of Poiseuille. — The viscosity of a liquid is the force required 
per unit area to give unit velocity to a surface of the liquid at 
unit distance from a fixed parallel surface. 

The quality of liquids commonly termed “ thinness " or 
“ thickness Xdepends upon the viscosity. 

It may bdyproved tliat if a liquid be forced slowly through 
a fine-bored tube of radius R, and length L, by some pressure 
P, the volume V (driven through in t seconds is equal to— 

wPR*/ 

8ML 

where M is the value of the viscosity. Hence — 


M = 


wPR 4 / 

8LV 


The length of the tube to be employed, conveniently ther- 
mometer tubing, Is (measured, and its radius found by the 
method of filling with mercury (Art. 10). One end is con- 
nected by rubber tubing to a vessel of the liquid,, and some 
allowed to flow through. A vessel containing some of the 
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liquid into which the lower end of the tube may dip is then 
weighed, and the lbwer end immersed in it. At the instant of 
doing this the time and the difference of level between the 
supplying and receiving liquid surfaces are noted. After twenty 
or more cubic centimetres have passed through, the tube is 
withdrawn from the vessel, the same observations being made 
as before, liy weighing the receiving vessel again, and dividing 
by the density of the liquid, the volume V is obtained. The 
mean of the initial and final differences in level multiplied by 
the density of the liquid is the average pressure P. Hence M 
may be calculated. As the temperature coefficient of the 
viscosity is large, the temperature of the determination should 
be stated. 

The viscosities of two liquids, where the same apparatus 
and the same mean difference of levels are employed, have the 
ratio — 

Mi “ 

i.f, they are inversely as the volumes of liquid passing through 
in equal times, and directly as their densities. 

The tube should be so fine-bored and long that the liquids 
pass through but slowly under the pressure applied. 


49. 

To compare the Viscosities of Liquids by the Vibrating 
Disc Method. — If a disc be rigidly fastened to a wire, so 
as to oscillate slowly under its moment of torsion when dis- 
placed through an angle, its oscillations become damped, and 
ultimately it comes to rest. The energy has been expended in 
imparting motion to the surrounding fluid, and producing heat 
by molecular friction in the wire. When the surrounding fluid 
is a liquid the latter term is negligible, and* the work done in 
imparting equal velocities to different liquids is proportional to 
their viscosities. 

Now, the energy lost by the disc per unit time through 
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viscosity is proportional to its velocity, and the rate at which 
the amplitude is diminishing is proportional to the product of 
itself and the viscosity. Let A, u denote any amplitude, k the 
viscosity of the liquid, and c a constant depending on the form 
and size of the disc. 

AK 

Then <* - ckjt 

therefore A m oe c"***! 
dk 

Similarly, 

therefore A* oc «■**** 

Now let there be N vibrations between the wth and «th 
Then — /, N X T, where T is the vibration period. 

From the above equations — 


and therefore— 


A w _ c~ c "i _ 

c 


_ fan 


. _ log, R 

“ 7f N" 


where R is the ratio of the extreme swing of one oscillation 
to that of the Nth succeeding one, the first noted one not 
being included. 

The weight of the disc should be considerable that the 
oscillations may not die out too quickly, or be too rapid; an 
index is attached to its axis, and moves over a scale. 

Observations should be made with several mean amplitudes 
and results stated thus : 


First liquid, T * 


First noted ampli- 
tude. 

Nth ucle. 

Ratio R. 

N. 

iug,k 

~Ttf 





1 
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Second liquid. T «» 


First noted ampli- 
tude. 

Nth amplitude. 

Ratio R | 

! N. 

log e R 

TN 




| 



The mean values of the entries in the last column should 
be found for each liquid, and their ratio calculated. 


50 . 

To determine the Relation between the Pressure and 
Volume of Air at Constant Temperature, and the Isothermal 
Elasticity. — For this purpose a U-tube with one limb shorter 
and closed, the other longer and open, is employed. The 
tube is of uniform bore, so that lengths and volumes of it have 
the same ratios. 

Clean mercury is poured into the open arm enclosing a 
volume of air in the shorter. The tubes "being quite vertical, 
the length of the air-column and the heights of the mercury 
in eaclj arm are noted. More mercury is then poured in, 
shortening the air-column by a centimetre or less, and the 
observations made as previously. 

This operation is repeated until the longer ann is nearly 
full. The height of the barometric column is then observed, 
and the pressures on the enclosed air found by adding it to 
the differences of le^el in the arms, i.e. in centimetres or inches 
of mercury. 

Results should be tabulated thus : 


Height of level) Height of level Difference] 
in open arm. of levels. 


eight ofl 
in closed arm. 1 


Total 

pressure. 


Lermt^ of air 
eolumn. 


Product of pressure 
and length. 
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A curve should be plotted wfth volumes (<* lengths) as 
abscissae and pressures as ordinates. 

The law of relation between pressure and volume, which 
should be apparent from the last column, is called “ Boyles 
law.” 

The elasticity of a substance, gaseous or otherwise, is the 
ratio of a change in pressure to the change in volume per unit 
volume, produced by it. When the temperature remains con- 
stant, the elasticity is said to be “ isothermal.” 

To find the elasticity from the curve, a tangent should be 
drawn to it at any point, intersecting the axes. The slope of 



this line shows the rate at which the pressure is changing with 
change of volume. Let it cut the axis of ordinates in tn y that 
of abscissae in /. Through the point at which the tangent is 
drawn, let nr be drawn parallel to op . 


Then the ratio 


change of p ressure cm ttm 
change of volume op 5=8 nr 
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and the elasticity equals thif multiplied by the volume. But 
the latter is Represented by nr, therefore the elasticity = nm ; 
and from the properties of the curve, nm — on = the pressure. 

Isothermal elasticity = the pressure on the gas 

Boyle’s law may also be proved by means of a straight 
glass tube of about 3 mm. bore, closed at one end, and having 
a thread of mercury several centimetres long introduced some 
little way in from the open end. The method may be left as 
an exercise to be devised. 


51 . 

To determine the Volume of a Body by Means of the 
Volumenometer. — A volumenometer consists of a vessel, with 
an opening which when closed is air-tight, connected to a pair 
of vertical tubes connected at their lower ends by rubber 
tubing. The volume per unit length of the tube to the top of 
which the vessel is connected must be known, and the vertical 
position of the other must be adjustable, so that, by raising or 
lowering it when partially filled with mercury, the pressure on 
the air in the vessel may be varied. 

This description applies to a simple form of apparatus 
easily sot up. In more elaborate forms the tubes are fixed and 
provided with taps at the bottom, from one of which mercury 
can be run out when adjusting levels. 

As always, the mercury to be used must be clean, and the 
tubes quite dry; while, in exact work, the air in the vessel 
should be dried. The dryness of the air in the vessel may be 
ensured by blowing air into it for some time through drying 
tubes of sulphuric acid on pumice before closing. 

The vessel is sometimes in the form of a cup, and is closed 
by laying a flat piece of glass over the mouth, the air-tight 
joint being made by tallow previously smeared on the edge. 
A flask with a side tube, closed by a rubber cork, is simpler, 
and yields fair results. 

Whatever the form of apparatus, it should be placed in a 
wooden tray to avoid probable loss of mercury. 
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In use, the tubes are firstly Adjusted to be vertical by a 
plumb-line. If the air has been dried, the* tubes should 
previously have been filled with mercury up to a noted position 
near the vessel. Otherwise, the vessel is now opened and the 
same done. The cork or cover is then replaced carefully to 
make an air-tight joint, and the height of the movable tube 
adjusted until the levels are exactly at the same height in both 
tubes. This height should be noted. The enclosed air is now 
under atmospheric pressure. The open limb is then lowered 
considerably, reducing the pressure on the air and allowing its 
volume to increase by an amount which may be read. Let 
this increase be i\ and the difference in height of the columns 
be //. Let also the observed height of the barometer be H, 
and the original volume of air be V. 

Then VH = (V + v)(H - h) 

. H - A 

whence V = ~ — v 

Ak, 

The body of which the volume is required is then placed 
inside the vessel, and the whole operation repeated, giving 
some new value VV Consequently the required volume is 
V - V’. 

The volumenometer may thus be used fb determine 
densities of porous and loose substances: it also serves to 
verify Boyle’s law. 


52 . 

To determine Heights by the Barometer.— This determi- 
nation is only conveniently made by means of an aneroid, 
but some corrections, which, for accuracy, should be made 
in reading the height of the mercurial form, may be here 
alluded to. 

Assuming that the column is adjusted perfectly vertical, the 
chief corrections are — 

(a) To correct for expansion of the mercury. 
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(b) For expansion of the scale. 

These are embodied in the expression — 

H' = H - (r ra - 

where IF is the corrected height, H that observed, c m , c, the 
cubical expansion of mercury and the linear expansion of 
the scale respectively, t the temperature. The last term 
(c m — r,)H/may usually be put (c„ — c,)j6of. 

(c) For the vapour-pressure of the mercury which may be 
found from tables, and which must be added to H'. 

(d) For altitude above sea-level. 

Other minor corrections are those for capillary depression, 
and variation in the value of g. 

To determine heights, let a vertical column of air of unit 
area be supposed divided into « layers, each so short that its 
density may be considered uniform. If the column be of 

h 

height h , each layer will be - thick. 

Let d and p be the density and pressure of air at the earth’s 
surface \ d x p x , 4A, etc., those of the succeeding layers. 

Then/ - /, = ^ 

p p. p. 

and by Boyle’s law £ = etc., = R suppose 


so that R (d -d x ) m d\, and d x = { x ~^) d 
Similarly — 



Thus the density decreases in a geometrical progression as 
the heights increase in an arithmetical one. 

Therefore ~ — ( i 


Let H be the height of the barometer at a place, and H' 
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that at a higher position. These heights are proportional to 
the density of the air at each, so that — 


II' 

h" 


(■ 


h 

R« 


)• 


and when n is infinite — 


H' 

IT 

H 

H' 


i 



h - R(log« H - log, H') 


h being the height between the two positions. 

When h is known to be such that the density of air does 
not vary much in it, the lengths H and H' may be used instead 
of their logarithms. 

This latter form is sufficiently accurate for determination 
of the height between the basement and upper floor of a 
building. 


53 . 


To calibrate a Small Aneroid Barometer.^-For indica- 
tions below the atmospheric pressure the aneroid should be 
placed under the bell-jar of an air-pump in such a position 
that its scale is clearly visible. 

A mercury gauge is then connected to the pump so as to be 
in communication with the air inside the bell-jar. 

The latter being well sealed down with a tallow joint, a 
partial vacuum is produced. As some leakage may occur, this 
vacuum will probably fall. In this case the instant the index 
of the aneroid reaches some noted division, the connection 
between the bell-jar and the gauge should be cut off, either 
by a tap or pirfchpock. The vertical distance between the 
mercury levels in the gauge should then be read by cathe- 
tometers, or from verniers sliding along scales jtermanently 
fixed to the tubes. 
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The gauge ,is then again put in connection, and a greater 
vacuum produced, the same operations being repeated. 

The height of the mercury barometer should be read at 
intervals, and the necessary corrections applied (Art. 52). If its 
height perceptibly varies, it must be observed for each reading 
of the gauge. 

The pressure inside the jar is equal to that of the mercury 
barometer, minus that shown by the gauge. 

Results should be tabulated thus : 


Aneroid read- 
ing. 

Gauge 

reading. 

Height of 
barometer. 

Pressure on 
aneroid. 

Correction. 







A curve should be drawn having aneroid readings, as 
absciss® and the corrections to a large scale as ordinates. 

By placing the aneroid inside a glass vessel into which air 
may be compressed, corrections may be found for pressures 
greater than that of the atmosphere. 


54. 


To construct a Barometer by inserting a Bead of Mer- 
cury into a Glass Tube of which One End is closed, and to 
make a Scale of Temperature Corrections. — The tube should 
have a uniform bore of a few millimetres, and a length of not 
less than half a metre. By heating it, and then dipping into 
mercury, a thread of several centimetres’ length is drawn up so 
that it occupies a position about 10 cms. from the open end 
when the tube is horizontal. Let the length of that part 
of the horizontal tube occupied by the enclosed air be /, the 
temperature after cooling to that of the atmosphere be t°, and 
the barometric height be H. Then, at p°*C., the length / 
would become— 


P 


* 73 + ' 
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and under 760 mm. pressure the length of the air-column T 
would become — 


-V«0 ' 


l 273 H 
273 + * 76® 



A table of lengths should now be calculated for every centi- 
metre difference of pressure, say, between 660 and 860 mm. 
pressures — 


Law = / 'JU 

660 


L “ * r k 

I ~/' H 

f if"*"- 

64O 



and parallel lines drawn on a piece of paper or card to form a 
scale, their distances apart being as shown in the diagram. 
Let the temperature corrections be required for every five 
degrees between o° and 30° C. Then the deductions to be 
made from an observed length L*, are for various temperatures 
as follows : — 

At 5 0 C. . . . jfffLjw 
At 10 0 . . . . ^WL^ii,, 

These are calculated for La* and and marked off on the 
pressure lines from a line of zero, after which points denoting 
the same temperature are joined by straight lines. These lines 
are numbered with the temperature to which they refer, and 
from any pressure line they cut off the lengths to be deducted. 
By cutting a piece of card so that two of its sides are straight and 
at an angle of 135° with each other, an easy means of applying 
the correction is cfut?ined ; for one straight side being adjusted to 
the tube, and moved along it until the other passes through the 
intersection of the observed pressure and Jemperatyire lines, the 
correct pressure is given where this side cuts the line of zero 



GENERAL MEASUREMENTS' 


85 


temperature. .Obviously the scale of pressures must be con- 
structed for a greater range than that to which the corrections 



can be applied, the full range given being only available at 
zero. 

The tube may bo graduated to give indications when in a 
vertical position, if in calculating the lengths it be noted that 
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the internal air-pressure is greater or less than tljii atmospheric 
by the length of the bead — greater when the open end is upward, 
and less when it is downward. 

The indications of an instrument of this type are not very 
exact owing to the sticking of the mercury — a defect which is 
greatly increased if the tube be at all damp. Error is also 
introduced by water-vapour unless the air inside is perfectly 
dry. 


55 . 


To plot the Curve of Resultant Values of a Quantity 
which is the Sum of Others, the Others varying periodically 
in any Hanner, and having any Phase Difference.— Let M 
and N be two curves in which the ordinates denote the values 



of the components, those below the axis of abscissae being 
negative. The resultant of these is found by drawing ordinates 
equal to the algebraical sum of the two, and the curve P so 
obtained is that of total effect. 

50 . 

To determine graphically the Harmonic Components of 
any Periodic function.— It is proved by Fourier’s theorem 
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that any give;: periodic curve, whether itself harmonic or 
otherwise, may be* analyzed into a number of harmonic 
components. These components in general differ in period, 
amplitude, and phase. 

Writing the equation of the function or curve as — 

fix) = A 0 + A x sin + B x cos ~x -f A a sin ^~x 
•X A X 

4- B 2 cos —x + etc. 

x 

where X is the value of x for one entire period, the values of 
coefficients may be found in the following manner, as described 
by Professor J. Perry (Electrician, June, 1895). 

Supposing N corresponding values of f(x) to be known, 
A 0 = {the sum of the N values of f(x)} ~ N. 

N 

A line, PQ, is drawn, and a circle of — inches’ radius 

2jr 

described about it. The circumference of this is divided into 
N parts, and from each a perpendicular is drawn cutting PQ. 
The divisions on the circle are numbered o, r, 2, etc., N, and 
the corresponding points on PQ similarly marked. 

A straight line, PS, is drawn in any convenient position 
perpendicular to PQ, and points o, 1, 2, etc., N, are marked 
upon it at distances from P, proportional to the given values 
of /( x) when x = o, 1, 2, etc., N. By projecting horizontally 
and vertically from similarly numbered points in PQ and PS, 
and drawing a line through their points of intersection, the 
curve A x is obtained. The area enclosed by this, when 

divided by — , gives the coefficient A x in the equation. 

By projecting from 0 on PS to intersect the projection 
N 

from - on PQ, and obtaining the whole series of intersections 
as below — 

Projecting point on PS o 1 2 

„ pq a s+, £+, 

4 4 4 



88 


% PHYSICAL DE TERMINATIONS 


a curve is drawn of which the area divided by' — is equal to 

the coefficient B ( . Projecting as follows : — 

Projecting point on PS I o I i I a I 3 I 
„ „ PQ I 0 | a I 4 I 6 | etL> 

and dividing the area enclosed by N, the coefficient A* is 
found. 

Bj is given by the area of the curve through the inter- 
sections — 


Projecting point on PS 

» » PQ 


o 

N 

4 


4 


N 


+ 4 -+6 


etc. 


divided by -N. 

A further term, A 3) is given by — 
Projecting point on PS 1 o 

» » PQI o 


1 

3 



etc. 


and dividing the area enclosed by the curve by f N. 
Rj is given by — 


Projecting point on PS 

»* » PQ 


N 

4 





etc. 


the area of the curve being divided by f N. 

Generally, the points of intersection for A, are — 

Projecting point on PS I o I 1 I a I 3 | 

>i » PQ I o I « j a« I 3« I etc< 


and A, equals the area of the curve divided by -N. For B • 

2 " 

Projecting point on PS 
h n ' PQ 


0 

1 

3 


3 

N , 
~+n 

N 

~+2 ;/ 

M 

N 


4 

4 

4 1 

4 


etc. 


and the area of the enclosed curve is divided by --N. 

’ a 
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Fig. 1. 
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The function may be expressed in the form-r- 

f{x) = A„ 4- D t sin (*~x + 8 .) 4- D a sin (*~x + 8 .) 

+ Dj sin (~x + ^ + etc. 
by making D 4 = y/A* + B,* 

D* = x/a/Tb? 
etc. 

and 8 ! = tan " l — 

A } 

= tan 

A* 

etc. 

It is to be noted that the areas are to be reckoned positive 
or negative according as the curve advances in a counter- 
clockwise or clockwise direction, and that consequently, if 
measured by a planimeter (Art. 6 ), the sign of the instrument’s 
reading must be reversed. 

In Fig. i thirty-six values of a recurring cycle are set out ; 
thg thick-line curve is that giving A, ; the thick-dotted curve, 
that giving B,. The fine-line curves similarly give A£ and Bo. 

The following method of analyzing a curve, due to Wed- 
more, is very simple and convenient. The areas enclosed by 
the positive and negative portions are measured, and their 
difference, divided by the length of axis corresponding to an 
entire period, is set off above or below the original axis, accord- 
ing as it is positive or negative. The new axis of abscissae is 
now drawn through this point. If the curve be divided into 
two equal parts along this axis, and these be superposed, the 
resulting curve contains only the components of a, 4 , 6 , etc., 
times the frequency of the original, and its ordinates are twice 
their natural length, Restoring these t6 their correct dimen- 
sions by plotting to half the original scale, and taking the 
fourth as the highest harmonic that need be considered, this 
last is obtained, again to double scale, by superposing the 
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halves of the .last curve. Plotting these to half scale, and 
deducting them froth that curve, the component of twice the 
original frequency is yielded to its true scale. 

By dividing the original curve into three equal parts along 
the axis, and superposing these, a curve is obtained which 
contains, to three rimes the true scale of ordinates, all com- 
ponents of 3, 5, 7, etc., times the original frequency. As all 
above the first of these are being neglected, the resulting curve 
set out to one-third the origiral scale is the harmonic of three 
times the original frequency. 

To obtain the fundamental variation of the same frequency 
as the original curve, the three curves already obtained are set 
out, and the algebraic sums of their ordinates deducted from 
those of the original. 

Thus, the variations of a certain quantity which recur 
periodically at equal intervals of time are plotted on a time 
base by the thick-line curve M of Fig. 2. The axial length 

AB, corresponding to the whole period, includes 36 intervals, 
at each of which the quantity represented by the ordinate was 
noted. 

The difference of positive and negative areas is found to 
be — 36 ; the true axis will, therefore, lie at distance 1 below 
the original axis. 

The carve M is now divided and superposed as in Fig. 3, 
the resulting curve N being plotted to half scale. 

In Fig. 4 the curve N is again subdivided into two and 
superposed, giving P, which, plotted to half scale, is the com- 
ponent of four times the original frequency. 

P being deducted from N (Fig. 5), the component R of 
twice the original frequency remains. 

In Fig. 6 the original curve, M, is trisected and superposed, 
giving S, which is the component of three times the original 
frequency, and whose ordinates are erected to one-third the 
scale. 

Curves P, N, and S are now described, oh the new axis of 

M, and the sum of their ordinates deducted from those of M. 
The resulting curve is the component U of the original 
frequency. 
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Fio 3. 


Fro. 6. 


The phase of the curves is obvious from the setting out, 
and the expression for the observed quantity is — 

1 + 1 sin(?f/ - j) + 3-8 sin (If/ + + 4‘5 sin (vp) 

+ « sin (^f/ + g) 



PART II 


EXPERIMENTAL DETERMINATIONS IN HEAT 

57 . 

To determine the Boiling-point of a Liquid under Atmo- 
spheric Pressure. — The temperature of a boiling liquid 
depends on several circumstances, but that of its vapour is a 
constant for any one particular pressure. Unless otherwise 
specified, the boiling-point refers to a pressure of 760 mm. 
of mercury. 

The liquid should be heated in a test-tube which is closed 
by a cork, through which passes a thermometer and a glass 
tube to carry off the vapour. The thermometer-bulb must be 
above the level of the liquid. * 

If the vapour be inflammable, it should be led by tubing 
well away from the heating flame; also, if the boiling-point be 
below ioo°, it is as well to heat the liquid by placing a vessel 
of water so as to immerse the lower end of the test-tube. This 
vessel of water may then be heated, and all danger from 
possible fracture of the tube avoided. 

Such apparatus constitutes a simple form of hypsometer, 
so called because by observing the variations of temperature 
at which boiling occurs at different heights above sea-level, 
the corresponding altitudes may be inferred. 
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58 . 

To determine the Temperature of the Liquid when 
Boiling occura in Salt Solutions of Various Concentrations. — 
In works on physical chemistry it is shown that the molecular 
weight of a compound may be deduced from the observed 
boiling temperature of dilute solutions. In the present investi- 
gation it is not proposed to work with this object, but to 
discover the general effect, produced. A sufficient quantity of 
distilled water to fill a flask to the base of its neck, preferably 
an even number of hundreds of grams, is weighed or measured 
in, and a mark made on, the flask at the level of the surface. 

The temperature of the boiling liquid is then found by 
cautiously putting a thermometer in the flask when boiling 
occurs. A weight of salt equal to one per cent, of the water’s 
weight is then added, and the temperature when boiling again 
noted. 

The same weights of salt are repeatedly added, and the 
temperature of the boiling solution for each strength noted, 
until no further salt dissolves. 

A few drops of water should be added from time to time 
to maintain the quantity in the flask unchanged. 

It should be noted that the temperature of the vapour 
remains throughout at ioo°. 

Results should be tabulated thus : 


Percentage of «alt. 

Temperature of boiling liquid. 




A curve should be plotted with percentages of salt as 
absciss® and elevations of the boiling ‘temperature as 
ordinates. 
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59. 

To determine the Fusing-point of a Solid which 
liquefies below 100°. — Some of the solid having been placed 
in a test-tube, is fused by immersing the end of the tube in 
water, which is then heated to a few degrees above the melting 
temperature. 

A thermometer-bulb is then dipped into the tube, and, 
having risen to the same temperature, is withdrawn wetted with 
the fused substance. 

It is closely watched, and the temperature at which the film 
on its bulb sets is noted. 

The bulb is then dipped into water, which is slowly heated, 
and the temperature at which the film on it fuses and becomes 
transparent is noted. 

These operations should be repeated several times, and the 
mean temperature taken as the fusing-point. 

If the solid be soluble in water, a heated body may be 
slowly brought near the bulb, and the temperature at which 
the film fuses noted; while, if the fusing-point be above ioo°, 
a sand-bath may be used in place of the water-bath, and the 
first method employed. 

Another method is to draw out a fine glass tube into which 
a short column of the fused substance is sucked up. After 
solidification the small tube is tied, or secured by rubber bands, 
to a thermometer in such a way that the substance is close to 
the thermometer-bulb. The combination is then immersed in 
wateruand slowly heated, until the substance fuses and becomes 
transparent. As soon as this is observed to begin, the tem- 
perature is noted, and the source of heat removed. Cooling 
now commences, and the temperature at which the substance 
begins to solidify and become opaque is noted. The mean of 
these two temperatures is taken as that of fusion. 

' The fusing-point may also be found by beating a quantity 
of the substance in a test-tube to a temperature above that of 
fusion, and reading the temperature at every minute during its 
cooling, by means of a thermometer dipping into the substance. 
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To protect the tube from external influence, it is as well to let 
it cool while supported inside a larger tube or jar, though this 
is not essential. At one period of cooling, viz. that during 
which the substance solidifies, the temperature falls but slowly ; 
observations should be continued well past this stage. Finally, 
a curve should be set out with times as abscissae and tempera- 
tures as ordinates. The mean temperature of the nearly 
horizontal portion may be then taken as the fusing-point. 


60 . 

To determine the Coefficient of Linear Expansion of 
a Substance. — The coefficient of linear expansion of a 
substance is the fraction of its length at o° C. that a rod of that 
substance changes in length per degree Centigrade rise of 
temperature ; in other words, it is the fraction of a centimetre 
that a rod i cm. long at o° C. changes in length for i° rise of 
temperature. The mean coefficient between o° and ioo° may 
be found by heating a rod from o° to roo°, and dividing its 
alteration in length by ioo and by its length at o°. An 
approximate result may be obtained by measuring the length 
at f (the temperature of the air) and at ioo°, dividing then 
the change in length by (ioo - /) (length at / D ). 

A satisfactory method is to support the rod, the length of 
which may be from half a metre upwards, inside a tube of 
larger diameter. The ends of the tube should be closed by 
thin caps, conveniently of sheet rubber, through which pass the 
rod and small tubes whereby the steam may enter and leave. 
Immediately outside these caps the rod should have transverse 
scratches. The length between these scratches is measured 
at the temperature V of the air, and the readings of micro- 
scopes focussed upon them are noted. These microscopes 
being rigidly fixed, steam at ioo 0 is blown through the tube 
for about ten minutes, and the microscopic •readings on the 
scratches again noted. The difference of the original and final 
microscope readings is the alteration in length, and all the 
necessary data for calculation are thus obtained. 


H 
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An almost equally satisfactory method, of greater sim- 
plicity, is to firmly clamp one end of a tube of the substance, 
to focus a microscope on a mark near the other end, and to 
pass steam through the tube, The necessary observations 
require no further explanation than are given above. 


61 . 

To determine the Coefficient I f Expansion of a Liquid 
relatively to Class. — By this coefficient, known also as that of 
“ apparent ” expansion in glass, is understood the difference of 
their increase in volume per cubic centimetre at o' for i° 
rise of temperature. 

A weight thermometer consists of a glass bulb drawn out 
into a narrow neck. The weight W, of this is found when 
empty and dry. It is then filled with the liquid by alternate 
heating over a flame and cooling. In the former operation 
extreme care is necessary to avoid fracture of the bulb. 
During the whole time the neck dips into the liquid. The 
small bubble which generally persists may be got rid of by 
repeatedly boiling the liquid in the bulb and cooling. The 
bulb, its neck still dipping into the liquid, is now cooled to the 
temperature of the air. After this cooling has proceeded for 
some time, it may be accelerated by pouring cool water over 
the bulb. Having arrived at the temperature required it is 
dried and weighed. It is very necessary not to warm the bulb 
by handling, and to avoid this a loop of thread may be passed 
over the hooked neck for tho purpose of transferring it about. 

Let its weight be W 2 . 

It is now hung over the side of a vessel filled with water, 
so as to be immersed with as much of die neck below the sur- 
face as possible. The water is heated to ioo°, and the liquid 
which escapes from the neck collected in any convenient 
receptacle. 

After remaining in the boiling water for several minutes, 
the bulb is withdrawn, allowed to dry, and again weighed. 

Let its weight be W,. 
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Now, the weight of liquid W, — W 3 has the same volume 
relatively to the bulb at ioo° as the weight W* - W, has at t°, 
the temperature of the air. Therefore^- 

(Wj — W,) - (W, - W.) !_ W 2 - \V, 

wr^ fw 3 ^W, 

is the proportional increase of volume between these tempera- 
tures. And — 

IV — w 

(VV 3 - w^ioo" - /) 

is the apparent coefficient of expansion, 

It will be observed that for strict accuracy the weight W s 
should be found when the temperature is rero. 

The absolute coefficient of expansion may be obtained 
by adding to the above expression the coefficient of cubical 
expansion for glass. 


62 . 

To determine the Coefficient of Expansion of a Liquid 
by a Method of Weighing. — A balance with a hole bored m 
its base beneath one scale-pan should be supported above the 
table, at such a height that a vessel of the liquid maybe heated 
beneath the hole. A solid of known cubical coefficient of 
expansion, and slightly denser than the liquid, should be 
suspended from the pan by a thread passing through the hole. 
This is weighed in air, and in the liquid at the temperature 
of the air, after which the weighing is again performed with 
the liquid at some noted temperature near ioo° C. 

Let t a be the temperature of the cool liquid. 

T° be the temperature of the hot liquid. 

W, be the loss of weight in the cold liquid. 

W T be the loss of weight in the hot liquid. 

V be the volume of the body when at /°. 
c be the coefficient of cubical expansion of the body. 
d n d x be the density of the liquid at f and T°. 
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Then- 


W t - 


w, 

and W, 

W, 




{ i + f(T — /)} 


V{i+<r-/)Kt 

dt "* fjjr 
dt 


But the volume of a given weight of liquid is inversely as 
its density ; hence — 

d t -d r _ V T ~V, 

\V,(T — 0 ' t/ t (T ~ i) V,(T - t) 

s s coefficient of expansion 


To determine the Coefficient of Cubical Expansion of 
a Solid by the Weight Thermometer. — A solid, having its 
weight and volume previously found, is placed in the ther- 
mometer before the neck is drawn out. The neck being 
drawn, the combination is weighed, and the weight of the 
glass found. The instrument is then filled with a liquid of 
which the coefficient of expansion and the density are known, 
and weighed at the temperature of the air. This temperature, 
and weight of liquid, are noted. The weights of solid and 
liquid, divided by their respective densities, then give their 
volumes at this temperature. Let the volume of liquid be 
V, and that of solid be V, ; then the internal volume of the 
glass, V„ s V, + V r The thermometer should now be 
heated to ioo° by being immersed in boiling water. After 
removal from the bath, and its exterior having become dry, it 
is again weighejL The difference between this and the 
previous weighing,* divided by the density of the liquid, is 
the volume expelled. This equals the increase in volume of 
the liquid, plus the volume expelled by the expansion of the 
solid, minus the increase in volume of the glass. Let c u and 
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c, be the coefficients of expansion for the liquid, solid, and 
glass, respectively. Also let (ioo°— the noted temperature 
of the air) = t°. Let the volume expelled be v. Then-- 

v = V,(i + c t i) + V,(i + cj) - V„(i + c,t) 

- V,(i + cf) + V,(i + (/) - (V, + V,)(i + cjt) 

= V,(c, — c„)t + V,(c, - c a )l 

whence — 

c, ~v/~ ~ ^ e * 


64. 

To determine the Variations in the Volume and Density 
of a Liquid with Change of Temperature, by Means of the 
Dilatometer. — The dilatometer is a narrow glass tube expanded 
at one end into a large bulb. 

Its weight is found when empty, and again when filled with 
liquid to nearly the end of the tube. The position of the 
meniscus should then be marked or recorded when the 
instrument is immersed in water at o°. To ensure the liquid 
being itself at o°, it should be immersed for some time before 
the observation is made. 

A portion of the liquid is then driven out by slightly 
heating the bulb, thus bringing the meniscus to within a few 
centimetres of the bulb when cold. Its position is again 
marked or recorded under the same conditions as before, and 
the weight again found. 

In all weighings, the outside of the dilatometer should be 
carefully dried. 

Knowing the density of the liquid at o°, the above weigh- 
ings furnish the internal volume up to the lower mark, and 
that of unit length of the tube. 

The water around the bulb should now be slowly heated, 
and the height of the meniscus, relatively to the lower mark, 
observed by a cathetometer for every half-degree between o° 
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and 6°, and for every ten degrees of temperature higher. Tt is 
well to take frequent and careful readings in (ho neighbour* 
hood of 4". The column may rise above the limits of die 
scale with some forms of cathetometer. When this seems 
about to occur, the temperature should be read, and the level 
of the meniscus marked on the tube. A block should then be 
placed under the cathetometer, and the telescope screwed 
down to view the mark made, after which observations 
proceed as before. 

Results should be tabulated thus : 


Temperature. 

Height of meniscus. 

Total apparent volume of liquid. 





A curve should be plotted with temperatures as abscissa; 
and total volumes, minus the least gbserved volume, as 
ordinates to a large scale (about 1 cm. to o'oot e.cm.). This 
is the curve of apparent increase of volume relatively to the 
glass. To obtain the absolute increase of volume, a curve 
is set out below OX showing the increase of volume of the 
bulb. If this be assumed to be uniform at all temperatures, 
it is a straight line, and may be set out by dropping an 
ordinate from any point representing a temperature T° on OX, 
and making it equal to V 0 gT on the previous scale, V 0 being 
the volume of the bulb at o°, and g being the coefficient of 
cubical expansion for the glass. The straight line through the 
O and Z, the end of the ordinate, is then the glass expansion 
curve. The absolute increase of volume of the liquid is the 
perpendicular distance between the two curves, and the 
temperature of minimum volume, i.e. of maximum density, in 
the case of water, is found by drawing a line parallel to OZ 
and tangential to Ihe liquid curve, and noting the temperature 
corresponding to thp point of contact. At this temperature 
the coefficients also are equal for both the liquid and the glass, 
but of opposite signs. To determine the temperature at which 
they are both equal and of the same sign, a line, 0 Z' t is drawn 
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above OX,' making tbe angle XOZ' equal to the angle XOZ, 
and a line drawn parallel to this and tangential to the liquid 
curve. This, as before, touches the latter at a point giving the 
required temperature. 

The absolute coefficient of cubical expansion at any 
temperature t° is obtained by drawing a tangent to the curve 
there, cutting OX. If the length / cut from OX between this 
tangent and the ordinate of t° be expressed in degrees, and v 
be the volume indicated by the ordinate, V, the volume of the 



V 

liquid at o°, then the coefficient of cubical expansion * jy** 

The difficulty in this method is the uncertainty as to the 
liquid in the bulb being at the same temperature as the bath. 
On this account the temperature of the bath should be kept at 
each temperature for as long a period as possible, consistent 
with completion of the observations in a reasonable time. 
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65 . 

To determine the Relation between the Temperature 
and Pressure of Air at Constant Volume, and to find the 
Coefficient of Increase of Pressure. — The coefficient of increase 
of pressure is the ratio of the increase per degree rise of 
temperature to the pressure at o° C., the volume being constant. 
The apparatus employed is a constant-volume air-thermometer, 
consisting of a bulb connected to U-tubes filled with mercury, 
which acts as a gauge, by raising or lowering the open limb 
of which the mercury-level is adjusted. A vessel of water 
at a noted temperature should be placed around the air-bulb, 
and the mercury levels adjusted until the one is at a mark on 
the tube near the bulb, and they are level in each limb. The 
temperature of the water should then be raised to 40°, 60 , 
80^, and ioo\ At each of these temperatures the open limb 
should be raised until the mercury in the other is exactly at 
the mark, and the difference of levels in the limbs noted. In 
practice, it will be found better to heat the water slightly above 
these temperatures, and to adjust the levels as it falls to the 
temperature upon removal of the flame. 

The total pressure on the enclosed air is in each case the 
atmospheric pressure, as given by the barometer,' plus the 
difference of level in the limbs. 

Results should be tabulated as follows : 


Reading of closed 
tube. 

Reading of open 
tube. 

Difference in 
lerel 

Total pressure. 

Temperature. 







A curve should be plotted with absolute temperatures, i.e. 
the Centigrade temperature plus 273, as abscissae, and total 
pressures as ordinates. 

The coefficient of increase of pressure may be found by 
drawing a line parallel to the axis of ordinates through the 
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point corresponding to the absolute temperature of o° C., 
and producing the curve to intersect this line, thus giving an 
ordinate for the pressure at o° C. The mean coefficient of 
increase of pressure between o° and ioo° is then equal to — 

pressure at io o° — pressure at o° 
too x pressure at o° 


66 . 


To determine the Coefficient of Expansion of Air at 
Constant Pressure. — This coefficient is the ratio of the increase 
in volume per degree rise of temperature to the volume at o°, 
the pressure being constant. 

A steam heater, consisting of two coaxial cylinders, the 
annular space between which is closed and fitted with cocks 
so that steam may be passed through, is connected with a 
boiling-can, and the highest temperature to which it rises 
observed by means of a thermometer placed in the central 
chamber. Let this be T°. 

A glass tube, somewhat longer than the heater, of a few 
millimetres’ bore, and closed at one end, has a bead of 
mercury adjusted at about one-third of its length from the 
open end by being heated and dipped in mercury. After 
cooling, the tube is held vertically, open end upwards, and the 
length occupied by the enclosed air measured. As it is 
essential that at the time of measuring the air inside should 
be at the same temperature as that outside, the tube should 
be held by the top and not otherwise handled. Let / be this 
length and t° the temperature. The tube is now placed in the 
heater, being held in position by passing through a cork, and 
adjusted until, when stationary, the bead is just seen outside 
the heater. The distance from its end to the top of the tube 
is measured, and hence L, the distance froift the inner end of 
the bead to the closed end of the tube, calculated. 

The absolute temperatures are now set out as absciss®, the 
lengths as ordinates, and a straight line drawn through the two 
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points. The |K)int in which this cuts an ordinate drawn at the 
absolute temperature 273 , gives the length at o’ C. Then, if 
this be I* — 


Coefficient of ex- \ 
j.ansion at con- ( 
stant pressure ) 


volume at ' 1 ° — volume at t° 
(f° - t°) volume ato° 


L - / 

(T - *)U 


t»7. 

To determine the Water-equivalent of & Calorimeter. 
— The water-equivalent is that weight of water which has the 
same thermal capacity as the calorimeter with its stirrer and 
thermometer. 

The calorimeter pot is removed from the outer vessel, 
weighed when empty and dry; then about one-third filled with 
cold water and again weighed. Let the weight of water con- 
tained be W,. The pot is now replaced, and both stirrer and 
thermometer put in. Meanwhile water should be heated in 
a jacketed vessel to about 8 o°, its temperature being given by 
a thermometer inserted into the inner chamber. When this 
temperature is reached, that 0 , of the cold water in the calori- 
meter is noted, some hot water is run out into a beaker to 
warm the outlet pipe, and the latter being dipped into the 
calorimeter, sufficient hot water is run out to nearly fill the 
pot. It is meanwhile necessary to note the time at which 
the hot water begins to flow into the calorimeter and its 
temperature; also the mixed hot and coof water must be well 
stirred. 

Let 0 , be the temperature of the hot water, and 0, the 
highest temperature recorded by the calorimeter thermometer, 
this last being reached T minutes after the hot water began to 
flow in. 

The time during’ which the temperature falls one degree 
is now observed. Let t be this interval, and 0 , the mean 
temperature during the time. Then at this temperature the 
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.1 * ' 

rate of cooling* is - degrees per minute. Now, the rate of 

cooling is proportional to the excess of the calorimeter’s tem- 
perature above that of the surrounding air. Therefore, if 0„ the 
temperature of the original cold water in the calorimeter, is 
the same as that of the air, the mean rate of cooling during the 
interval T was — 


0 ,- 0 , 


20 


0.) 


degrees per minute 


and consequently, to correct the observations for the loss of 
heat by radiation, conduction, and convection, the temperature 
0, must be increased by the amount — 

i T **) 

'"( 0 - 0 .) 

Now, denoting this corrected value by 0 4 , and the water 
equivalent of the calorimeter by WEq, the hot water has lost 
an amount of heat equal to — 

W,(0 8 - 0 3 ) 

where W 8 denotes the weight of it run into the calorimeter, arid 
determined by weighing the pot a third time. 

The cool water has gained an amount equal to — 

W,(0« - 0 4 ) 

and the calorimeter an amount equal to — 

WEq(0 4 - 0,) 

Equating these — 

(WEq 4- W,)(0 4 - 0,) s= W 3 (0 2 0,) 

WEq « J - W, 
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The water may with sufficient accuracy be measured instead 
of weighed, weights in grams and volumes in cubic centimetres 
being regarded as numerically identical. 

Concordant results arc difficult to obtain experimentally, 
and it is more satisfactory for practical purposes to calculate 
the water equivalent as the sum of-r* 

(a) The weight of the calorimeter pot and stirrer multiplied 
by the specific heat of their material. 

(b) The estimated weight of mercury in the thermometer 
multiplied by the specific heat of mercury. 

(<•) The weight of glass thermometer immersed multiplied 
by the specific heat of glass. 


68 . 

To determine the Specific Heat of a Solid Insoluble in 
Water. — The specific heat of a substance at any temperature is 
the ratio of the amount of heat required to raise unit weight of 
it from half a degree below to half a degree above that tempe- 
rature, to the amount required to raise unit weight of water at 
o° C. one degree in temperature. The specific heat of nearly 
all substances varies slightly with the temperature, but such 
variations may usually be neglected. 

The Jthermal capacity of a body is the amount of heat 
required to raise its temperature by one degree, and equals its 
weight multiplied by its specific heat, 

The principle involved in the method here explained is 
that a quantity of heat may be distributed jn various ways, but 
remains' unchanged in total amount unless converted into other 
forms of energy. 

A calorimeter of known weight and water equivalent is 
about two-thirds filled with water at the temperature of the 
air and again weighed, after which it is replaced within the 
outer pot. 

The solid, whiefi should be of such shape, where possible, 
as to possess a large surface relatively to its volume, is weighed, 
and suspended inside a steam heater by a thread. This thread 
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should be sufficiently long to allow of the solid being lowered 
through the heater into the calorimeter, and while the heating 
proceeds, it is, together with a thermometer, grasped by a cork, 
which closes the top of the heatingchamber. The bulb of the 
thermometer should be hear to the solid. 

When the latter has been heated for ten minutes or longer, 
and has acquired the temperature of the heater, the ther- 
mometers in the calorimeter and heater are read. The calori- 
meter is now placed momentarily under the heater, and the 
solid is gently, but quickly,. lowered into it. The water is well 
stirred, and the temperature at the end of the first and each 
succeeding half-minute noted. At first the temperature rises 
rapidly, but later remains stationary, the heat given out by 
the solid during this period being equal to that lost by radiation, 
etc. Observations should continue beyond this stage until the 
temperature has fallen one or two degrees. The curve OABC 
should now be set out with times as abscissse and the rise of 
temperature as ordinates. The calorimeter should now be 
emptied, filled to the previous level with hot water, and its rate 
of cooling per half-minute at some high temperature noted by 
a sensitive thermometer. This may be, of course, more accu- 
rately determined by taking one-fourth of the temperature drop 
in an interval of two minutes. Consider the rate so found to 
be t° per half-minute when the water is T° warmer than the 
surrounding air. Then, if the water were 6° warmer than the 
0 

air, the rate would be - since the rate is proportional to 
excess of temperature. 

Let now P be taken midway between O and the foot of 
that ordinate at which the curve bends over, and let the line 
PR be drawn with PQ equal to any number n of half-minutes, 

QR equal to degrees, where $ is the temperature rise 

corresponding to the horizontal, portion of the curve. 

Then, with sufficient accuracy, the highest temperature rise 
which would exist if there had been no loss of heat by radiation, 
convection„etc., is given by the greatest ordinate of the curve 
ODEF, obtained by adding the ordinates of OABC and PR. 
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Let this be (0 $ — # 2 ), where 0 3 , 0 X are the theoretically final and 
the original temperatures of the water, 6 Let also 0% be the 
temperature of the heater, W the weight of water, w the weight 



of the solid, WEq the water equivalent of the calorimeter, and 
a the specifir heat of the solid. Then, considering the specific 
heat of water as unity at all temperatures — 

Loss of heat from solid = — 0 4 ) 

where 0 A is the ordinate of the first curve corresponding to 
on the last. 

Gain of heat by calorimeter and water »(W+\VEq)(0,--* 6 X ) 
These are equal; hence — 

u«r{6 t - & A ) s (W + WEq)(ft - $>) 

(SV + WEq)(fl, - 6 X ) 

" ~ n<9, - 6 4 ) 
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To determine the Specific Heat of a Liquids— A calori- 
meter of known water-equivalent, WEq, is weighed when 
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empty and dry; subsequently when about two-thirds filled with 
the liquid. A ‘solid of noted weight and known specific heat is 
raised to a high temperature in a steam heater ; this tempera- 
ture must, however, be below the boiling-point of the liquid. 
The subsequent operations are precisely as described in Art. 68. 

The loss of heat from the solid = w<r(9^— 0 4 ) 

The gain of heat by the calo- 1 = (VV(r ' + wEqM - to 
rimeter and liquid ) 

where W is the weight of the liquid, <r' its specific heat. These 
are equal’; hence — 

fc'tr(0 a -0 4 ) = (Wo-' + WEq)(0, - 0 t ) 

, _ w<x(6. 2 — 6 4 ) _ WEq 

q ~ w - to w* 
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To determine the Specific Heat of Ice.— The inner pot 
of a calorimeter is weighed when empty, and again when 
about half filled with some oil for which the specific heat is 
known. It is then surrounded with a freezing mixture until 
its temperature has fallen as far below zero as possible, after 
which it is removed, wiped dry externally, and placed within 
its outer pot. Its temperature is now noted at intervals until 
it has risen by one or two degrees, both times and temperatures 
being recorded. Small pieces of ice at o° are wiped dry with 
flannel and dropped into the well-stirred oil, piece by piece, 
until its temperature is about a degree below zero. During 
this operation, the observations of time and temperature have 
continued, and are maintained until the mixed oil and ice are 
at o°. 

The weight of ice added is found by again weighing the 
inner pot and its contents. 

The rise of temperature produced in tne oil by the ice is 
found by setting out a curve with times as absciss® and tempe- 
ratures as ordinates. An abrupt change in the curve occurs 
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when the ice is added, but after all the ice has cooled to the 
temperature of the oil around it, the curve* resumes very 
nearly its original direction. If the earlier part of the curve be 
produced, the maximum vertical distance between it and the 
later portion is the rise of temperature produced in the oil, and 
the point on the curve where this distance exists, gives by its 
ordinate the common temperature of oil and ice after the 
latter’s cooling. 

Let the weight of oil be W, its specific heat be cr\ and its 
rise of temperature be T*. Let YVEq denote the water equiva- 
lent of the calorimeter, to the weight of ice added, T its fall of 
temperature, and or its specific heat. Then the ice has lost an 
amount of heat equal to ft'crT. The oil and calorimeter have 
gained an amount — 

(\VV + \VKq)T 

But these quantities are equal; therefore, equating them 
together — 

waT a (\VV + WKq)T' 

or , = r O'v + hk,,) 

T w 
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To determine the Specific Heat of a Liquid by the Method 
of Cooling.— The rate at which heat is radiated from a body 
depends only on the nature and area of its surface and the 
difference of temperature between itself and surrounding 
objects, being proportional to this difference if it be small. 

Consequently, if there be two heated bodies cooling under 
the same conditions of surface and temperature, since each 
loses heat at the same rate, the temperature of that having the 
smaller thermal capacity falls the more rapidly, and the time 
taken by each to fall through the same range of temperature is 
proportional to its thermal capacity. Hence — 

T t _ thermal capacity! __ weigh s x s p. heat, 

% ~ thermal capacity* weight* X sp. heat* 
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Therefore — ' 

spt heat , T, x weighs 
sp. heat* * T s x weighs 

*< v X 

A convenient form of apparatus consists of ajar in which is 
a large boiling tube which may be supported by the cork. 
This tube is closed by a cork through which passes a smaller 
tul ie containing the liquid under investigation. 

The outer space between the jar and tube is filled with 
fold water, and the innermost tube,- half filled with the liquid, 
is heated to about 90°. The volume of liquid contained is 
noted, and the tube is then inserted as centrally as possible in 
the larger one. £ loosely fitting cork through which a ther- 
mometer passes should be inserted in the tube immediately 
after heating, and by means of the latter the exact time of 
cooling from 8o° to 6o° should be noted. Thus Tj is found. 

The weight of the tube and liquid is now determined, after 
which the latter is poured out, an equal volume of water 
substituted, and all operations repeated. Finally, the empty 
tube is dried and weighed. To preserve equality of conditions 
the water in the outer jar should be renewed with fresh, at the 
same temperature as the first, before the latter half of the 
determination. 

Since ir this case Water, for which the specific heat is unity, 
is employed, that of the liquid may be found. For greater 
accuracy the thermal capacity of the tube should be allowed 
for. This may be found by multiplying the weight of glass 
tube below the level of the liquid's surface by its specific heat 
as found from tables. The corrected expression then becomes — 

Specific heat of liquid * Tl we ‘g^ jTp 

where c denotes the thermal capacity of the tube and the 
immersed portion of the thermometer, T,the time of the cooling 
with water. 
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72. 

To determine the Specific Heat of a Substance by Means 
of the Steam Calorimeter. — The stedm calorimeter consists 
of a balance supported above a chamber into which wires pass 
to support a second pair of pans inside it. This chamber 
may, when desired, be filled with steam at ioo°. 

The balance-pans being perfectly dry, the body of which 
the specific heat is required is placed in one pan, counter- 
balanced, and its weight noted. Steam, having been mean- 
while generated, is now allowed to rush into the chamber. A 
sufficient weight of steam condenses on each pan to raise the 
temperature to ioo°. In addition, a further Amount condenses 
in the one pan raising the temperature of the body to ioo°, 
and also disturbing the equilibrium of balance. Let this be 
rebtored after a few minutes by adding noted weights to the 
external pan. If the balance so obtained is permanent, the 
body has acquired a temperature of roo°, and the steam is 
turned off. 

Let = the original temperature of the body. 

W = the weight of the body. 
cr = the specific heat of the body. 

L = the latent heat of steam. 
w ~ the weights added to restore balance. 

The heat absorbed by the body is equal to W<r(ioo — /), 

The heat given out by the water condensed on the body is 
equal to wL, Hence— 

wh 

~ Vi' (too - t) 

In practice, to prevent the accumulation of water at the 
holes where the wires enter, by reason of the steam condensing, 
the suspension wires are there encircled by small coils of high 
resistance wire, which may be heated to redness by an electric 
current. This should be switched on just fc previously to 
admitting steam. 
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73 . 


To determine the Specific Heat of Air at Constant 
Pressure. — An accurate determination of this quantity is, 
owing to the low density of gases, impossible in the absence 
of elaborate apparatus. An approximate value may, however, 
be obtained by passing air from a pump through a coiled tube 
immersed in a hot bath, and afterwards through another sur- 
rounded by cold liquid in a calorimeter. 

The volume of air discharged by a condensing syringe or a 
bicycle pump is approximately constant for a full stroke, and 
may be determined by leading the discharge tube under a 
graduated vessel arranged for tire collection of gases by up- 
ward displacement of water. Let the volume so collected be 
observed, and corrected to the pressure of the atmosphere 
at the time. 

This is the volume driven out per stroke of the pump, and 
from it the weight of air per stroke may be calculated. 

The heating bath may be filled with either water or oil, 
the latter permitting the temperature to be above ioo°. The 
calorimeter may advantageously be filled with oil of a known 
specific heat — so giving a greater rise of temperature than 
water for the same amount of heat absorbed. The temperature 
of the heater and calorimeter being noted, air is driven slowly 
through by a considerable known number of pump-strokes, 
and the rise of temperature in the calorimeter observed. 

Let WEq ss the water equivalent of the calorimeter. 

W = the weight of liquid in the calorimeter, 
cr' = the specific heat of the liquid. 

T a# the constant temperature of the hot bath, 

A = the original temperature of the calorimeter. 

as the final temperature of the oalorimeter. 
w ss the weight of air discharged by one pump 
stroke. 

N = the number of pump-strokes made. 
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/ "f* / 

Then the average final temperature of the air is — , and 

the specific heat of the air is equal to—. 

(W + TOiXWJ 


74 . 

To determine the Ratio between the Specific Heats 
of Air at Constant Pressure and at Constant Volume 
by the Method of Clement and Desormes.— The ratio 
sp. heat^constant pressure common] denoted b m 
sp. heat at constant volume 

be ascertained by means of a large vessel, into which air may 
be compressed by a pump* The addition of a pressure gauge 
and a tap or valve of large aperture, by which the air may 
be released, is also necessary. The gauge is usually an open 
U*tube, containing sulphuric acid or oil. 

Air is firstly compressed into the vessel by the pump, 
passing through drying tubes before entering, until a pressure 
of 20 or 30 cms. of acid is shown. After some five or ten 
minutes, during which the air arrives at the temperature of the 
external atmosphere, the gauge is read. Let the volume and 
pressure of the enclosed air be denoted by v t . The valve 
is now opened for about a second and the gauge reading noted. 
The pressure and volume have become and % connected 
with the previous values by the adiabatic relation — 


P$\ —PiVt 


(*) 


and the air has become cooled. 

The gauge Is carefully watched, and the greatest pressure 
which it creeps vp to as the enclosed air regains its original 
temperature by conduction noted. Let this be p t . If the 
expansion had occurred by the vessel expanding to v* it is 
clear that the volume and pressure would be v it jp» Without 
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affecting the conditipns, this may be supposed to have been 
the case so far as the air in the vessel is concerned. This is 
again at its original temperature ; hence, by Boyle’s law— 

p l v l =A^ 

log Vi - log Vi = log/, - log /, . . (2) 

and from (1) — 

log A - log/, _ 
log Vt - log Vi 1 

Thus from (2) — 

l og A - lo g A _ 
log/, - logA 7 

It is to be noted that A, A, A, indicate the total pressure, i.e. 

(■gauge reading) X — 4- height of barometer. 

If the pressure, /„ is only a little greater than that of the 
atmosphere, the numbers representing /„ p % A, may be used 
instead of their logarithms, and in this case the barometer 
reading may be omitted, the difference of gauge levels being 
taken in the equation. 

If when the valve is opened the pressure of the air falls to 
that of the atmosphere, A > s ztT0 by the gauge, and its absolute 
value may be noted from the barometer. The escape of air, 
however, is not “ dead-beat,” but oscillatory ; it is, therefore, 
necessary to ascertain by means of smoke produced near the 
valve, or other methods, the period of oscillation. The valve 
may then be opened for just the half-period. It is preferable 
to open it for somewhat less, so letting A have some small 
gauge reading., 

In general, the fluid in the gauge will either lag or oscillate 
by reason of inertia j dining the period of its coming to rest, 
the air within the vessel has been abstracting heat from its 
walls, as a result of which the pressure then recorded is some- 
what greater' thart the adiabatic a> 

To cotwidt.for this, the time of opening th^ valve, the gauge 
reading wbeq first steady,, and at every subsequent half-minute. 
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should be observed. A curve of times, and ♦ pressures— the 
former as abscissae, the latter as ordinates — may be set out, 
and the value /„ when the valve was opened, found by 
extrapolation. 


75. 

To determine the Latent Heat of Water.— The latent 
heat of water is the quantity of heat required to convert one 
gram of ice at o° to water at the same temperature. 

A calorimeter of known water-equivalent, WEq, is weighed 
empty and dry, also when about two-thirds filled with water at 
about 8o°. After being replaced in its outer pot, the tempera- 
ture is noted and the time taken. Immediately upon doing 
this, small pieces of ice, previously broken, are wiped dry and 
gently dropped into the water. This is continued, with constant 
stirring, until the temperature has fallen to about ro°. All the 
ice being fused, the temperature and time are again noted. 
The calorimeter is then weighed, emptied, and refilled with hot 
water, that a determination of the rate of cooling may be made 
as in Art. 68. Let this be f per minute, with an excess of 
temperature T. 

Let a weight W, grams of water at 0, be in the calorimeter 
before adding ice, W a be the weight of ice added, and 0 2 be the 
final temperature. 

If 0 be the temperature of the air, the loss of heat by 
radiation and convection has been approximately— 

A 4- 0 2 
(W. + WEq)! 



where N is the difference of the observed times in minutes. 

The heat lost altogether by the calori- 1 
meter and hot water t 

The heat absorbed by the ice in fusing = W,L 
The heat absorbed by the cold water 1 
from the ice J 


(W, -f WEq)(0, — 0,) 
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Hence— 

(W t + WKq)(* x - 6,) = \V t (L+0,) + (W+.WEq)^ 9 ‘ ~ 20 


N J 


(Wi + WEq) j *(, - (, + £N) + , 


Latent) 
heat ( 


2 r V 
W 2 (L + 6 ,) 
/N0 
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To determine the Latent Heat of Steam.— The latent 
heat of steam is the amount of heat required to convert one 
gram of water at ioo° into steam at the same temperature. 
This varies with the temperature at which boiling occurs, but, 
unless specially stated, refers to steam produced at ioo°. 

A calorimeter of known water-equivalent, WEq, is weighed 
when empty and dry, again when nearly filled with cold water. 
Steam is then passed through a trap into the water, the 
temperature being noted originally and at every subsequent 
half-minute till it reaches about 8o°. The curve of times and 
temperatures is then set out as in Art. 68. 

The water being at about 8o°, the rate of cooling per half- 
minute is noted, and a right-angled triangle set out with the 
base equal to the difference of temperature between the water 
and surrounding air, the perpendicular equal to the rate of 
cooling per half-minute. From the curve the mean temperature 
excess for each half-minute is observed. Let these be <£„ «£ s , 

etc., for the first, second, third, etc., half-minutes. From the 
acute angle, let etc., be measured horizontally along the 
base of the triangle, and verticals be raised at each to cut 
the hypothenuse. The lengths of these represent the cooling 
per half-minute for their respective temperature excesses, to 
the scale of the vertical side. Let these be denoted by 
/„ etc. Then the curve of temperatures ^eitisting, if no cool- 
ing by radiation had occurred, is obtained by adding to the 
first ordinate of the original curve a length t x ; to the second 
a length t t + ; to the third, + /*, etc. 
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If now is the temperature corresponding to the maximum 
ordinate of this curve, 0, the original tenlperature of the cold 
water, and 0, the temperature on the first curve corresponding 
to 0 9 on the last, W the weight of cold water, w that of steam*— 


The loss of latent heat from steam = wh 
The loss of heat from condensed ) 
water ) 

Gain of heat by water plus loss by 
radiation and conduction 


H'(lOO — 0j) 

(W-MVEq)(0,-0,) 


Hence — 


ML + (100 - = (W + WEq)(0, - 0.) 


Intent heat = 


L = (W ± ~ 


(too — $ { ) 


77. 

To determine Specific Heats by Means of Bunsen's Ice 
Calorimeter.— This calorimeter consists of a bulb connected 
below to a vertical tube, and having a tube projecting into 
its interior from above. The tube with which the bulb com- 
municates should be expanded at the top so that a cork may 
be inserted. A separate tube is passed through the cork, and 
having its upper part bent at right angles, acts as a gauge. 
This upper horizontal portion should be of a small, but 
uniform, bore, and may advantageously be calibrated by the 
method of Art. 10, and graduated in millimetres. In any 
case, its average internal volume per unit length must be 
determined by filling with mercury as there described. 

The bulb and adjoining tube are completely filled with 
recently boiled water by alternate heating and cooling, after 
which mercury is poured in, displacing part of the water and 
filling the tube. The gauge-tube is also completely filled with 
mercury up to its bend, and fixed by means of the cork in 
connection with the other part. 

This being done, and the temperature of die water having 
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fallen nearly tc^that 6f the external air, the bulb is surrounded 
by a freezing mixture. A small quantity of ether is poured 
into the tube projecting into the bulb, which may be termed 
the test-tube, and evaporated rapidly by having air bubbled 
through it. This causes part of the Water to freeze, thereby 
expanding and dnving some mercury into the gauge-tube. 
An appreciable quantity of ice having formed, the ether is 
drawn, or sucked by a roll 6f blotting-paper, from the test- 
tube, and more air blown in to dry it. This should be done 



as soon as the mercury in the gauge comes within a centimetre 
or two of its open end. 

Readings are now taken at brief intervals for some ten 
minutes of the meicury’s position in the gauge, die positions 
and times 'being recorded. 

The maximum temperature reached by the interior of a 
steam bCatet is noted, and the body, of which the specific heat 
is requited, heated in it to that temperature. This body must 
be of such site and shape that it may be contained in that 
portion pf the teSt-bibe surrounded by the bulb. Sufficient 
water at o" to immerse the body is then 'poured into the test- 
tube, and. the hotted body lowered into it, the open end of the 
tube being immediately closed by a plug of cotton-wool. The 



122 


PHYSICAL DETXrMIXATIQNS 


gauge readings, which have been continuously, recorded, with 
their times, until the dropping in of th£ body, now rapidly 
diminish owing to the fusion of some of the ice, and observa- 
tions continue as previously, until the steady increase again 
occurs at about its original rate. 

During the cooling of the body a differential process has 
gone on, the internal body giving, and the external freezing 
mixture abstracting, heat. To determine the amount of ice 
liquefied by the heat of the body, a curve is set out having 
times as abscissae and gauge readings as ordinates. Until the 
time of the body being dropped in this is a straight line, but 
it then falls, ultimately rising and proceeding approximately 
parallel to its original direction. If the original part be 
produced, the maximum distance vertically between it and 
the actual curve represents the alteration in the gauge reading 
produced by the heated body. The volume per unit length of 
the gauge being known, the volume change produced in the 
ice and water is found. Now, i gram of ice in liquefying is 
reduced o 0907 cxm. in volume, so that r calorie, fusing jfe 
gram of ice, produces a volume change of 0*00113 c.cm. 
Hence, if the volume change, as found above, be V, the 
temperature of the heater be T, the weight of the body be 
\V, and its specific heat be <t — 

\YT <7 = — 

0*00113 

a = tVTxVooi 13 = 885 ( wi ) 


7a 

To determine .the Maximum Vapour-pressures for Water 
at Temperatures ( between 80° and 100°.— Liquids boil when 
their temperature ^ such that the maximum vapour-pressure 
for that temperature is equal to the atmospheric or other 
pressure on the surface. 

Hence the relation between maximum vapour-pressure and 
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temperature may be found by varying the pressure of the air 
over a liquid and observing the corresponding boiling-point. 

A boiler fitted with thermometers is employed. This 
should be connected, through a condenser and air-vessel, to 
an air-pump and a gauge. The condenser is necessary, as 
without it the pressure would increase and boiling cease. The 
object of the air-vessel is to minimize perturbations of pressure. 

Air should be exhausted by the pump until a difference of 
about 35 cms. exists in the. levels of a mercury gauge. The 
pump-tube should then be tightly clipped. Cold water is 
now sent through the condenser, and the boiler heated. The 
highest temperature reached by the boiler’s thermometers is 
the boiling-point. 

This and the gauge-levels should be observed together. 

A little air is then allowed to enter by slightly loosening 
the pump-tube clip, after which the new temperature and 
boiling-points are again noted. Observations should be made 
for six or more pressures, and the results tabulated thus : 


Temperature. 

Difference of gauge-levels. 

Vapour-pressure. 





The total pressure is the barometric height minus the 
difference of gauge-levels, assuming an open u-tube gauge. 

A curve should be plotted with temperatures as abscissae 
and pressures as ordinates. 

By compressing air into the boiler, values of the maximum 
vapour-pressure may be found for temperatures above ioo° in 
a similar manner. 


79. 

To determine the Maximum Vapoar-preseure of Water 
at Temperatures between 0° pd 80V- -The apparatus em- 
ployed usually consists of a barometer tube surrounded at the 
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upper part with a large water-jacket, having a.window through 
which the level of the mercury in the tube may be observed. 

The tube is firstly filled with mercury and inverted in a 
small trough of the same. 

By means of a bent tube with an indiarubber cap, small 
quantities of water are then allowed to rise up the tube and 
vaporize in the space above the mercury. 

A9 soon as the vapour exerts its maximum pressure a 
permanent layer of water covers the mercury. 

In commencing, the water in the jacket should be brought 
to zero by the addition of ice, cathetometers focussed on the 
internal and external mercury levels, and the positions noted. 

Sufficient water to saturate the space should then be intro- 
duced by very small amounts at a time. When saturated, the 
cathetometers are again read. 

The differences between the final and first readings are the 
changes of level, and the change of level inside minus that 
outside the tube is the vapour-pressure. 

The water in the jacket now has its temperature raised to 
io°, 15’ a©", etc., as indicated by a thermometer immersed in 
it, and the maximum pressure for each temperature is found by 
passing in water and reading the cathetometers as previously. 

Results should be tabulated thus; 1 - 


Temperature. 

Mercury-level m»ide. 

! Mercury-level outride. 

1 ■ i 

Total pressure 



' 

!, ' 


A curve should be plotted with temperatures as abscissae 
and maximum vapour-pressures as ordinates. 


80 . 

To determine the Density of s Vapour by Victor Meyer’s 
Method. — In this method a quantity of air,;equal in volume 
and temperature to the vapour produced from a known weight 
of the liquid, is removed and measured. 
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A small stoppered tube is weighed when empty, and again 
when filled with .the Uquid for the vapour of which the density 
is to be found. Thus the weight of vapour which will be 
produced is found, $», 

A tube expanding into a large bulb below, and furnished 



with a side branch near the top, has some asbestos-wool 
inserted into the bottom of the bulb, and is plosed by a cork 
at the top. 

It is then surrounded by a hot-water or steam jacket, and 
heated to toi®. 
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After remaining some time in the jacket to ensure it being 
at this temperature, a vessel of water, a beehive trough, and a 
graduated tube filled with water and inverted, are adjusted to 
the side branch. . 

The cork is then withdrawn, the small tube dropped in, and 
the cork quickly replaced. 

The liquid now volatilizes, driving out the stopper from the 
small tube, and displacing its own volume of air, which passes 
over into the graduated tube. 

This volume of air is at the atmospheric temperature and 
under a pressure less than that indicated by the barometer, by 
an amount equal to the difference of water-level inside and 
outside the tube, divided by the density of mercury. 

Assuming the vapour to follow the laws of a perfect gas, 
the known weight of it would have the same volume as the air 
displaced under the same conditions. Hence its density, i.c. 
the weight of i c.cm. at o° and 760 mm. may be found. 

For greater accuracy the pressure of the air in the tube, as 
calculated above, should be diminished by the maximum 
vapour-pressure of water at the atmospheric temperature. 


81 . 

To determine the Dew-point by Begnault’s Hygrometer. 

— The aqueous vapour in the atmosphere is usually insufficient 
to saturate it at its actual temperature; the temperature at 
which the quantity present would just saturate it is called the 
“ dew-point.” If an object at, or below, this temperature be 
placed in the air, moisture will be deposited upon it. 

Regnault’s hygrometer consists of a glass tube, the lower 
[art of which is furnished with a polished silver cup. This 
tube is closed by a cork, through which pass a thermometer 
and two glass tubes, one reaching nearly to the bottom, the 
other terminating near the top. Ether being placed in the 
silver cup, the shorter tube is connected to a filter-pump or 
aspirator. By this means a rapid stream of air-bubbles is 
drawn through the ether, producing a considerable reduction 



EXPERIMENTAL DETERMINATIONS IN HEAT 12 7 

of temperature. When a film of moisture appears upon the 
silver, the temperat^e is noted from the thermometer, which 
has its bulb in the ether. Bubbling is then stopped, and the 
temperature at which the film vanishes also noted. This 
operation is repeated several times, and the mean temperature 
is taken as the dew-point. The observer should not approach 
the instrument too closely in making observations, as respira- 
tion affects the local humidity. 

Now, a saturated vapour exerts its maximum vapour-pres- 
sure ; therefore the pressure of the vapour in the air is the 
maximum vapour-pressure for the dew-point temperature. The 
“ humidity ” of the atmosphere is the ratio of the vapour 
actually present, to that required to saturate it, or — 

Humidity = q uantity sat urating air at dew- point 

' quantity saturating air at actual temperature 

_ maximum vapour-pressure at dew-point 
~ maximum vapour-pressure at actual temperaturcT 

These temperatures being noted, the corresponding maxi- 
mum vapour-pressure may be found from tables. 


To determine the Law of Cooling for Temperatures 
between 20° and 100°. — If one face of a thermopile be main- 
tained at a constant temperature, conveniently that of the air, 
and the other be directed toward a heated object, the current 
through a galvanometer connected with it is proportional to 
the rate at which the face receives radiant heat. The galvano- 
meter deflections, therefore, if small, are proportional to the 
rates of radiation, i.e. of cooling, in the heated object. 

Water is healed in a Leslie’s cube to ioo° C., and the 
thermopile placed about six inches away ; facing one side 
squarely, but carefully protected from direct radiation from 
the flame. Upon the water reaching roo°, the flame is 
extinguished, and the deflection noted. 
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Observations are now made every minute of the deflection, 
and of the temperature as given by a thermometer immersed in 
the cube. 

After a time, when the rate of cooling has become slower, 
longer intervals than a minute may be taken. 

Results should be tabulated thus : 


Time. 

| Temperature, 

| Deflection. 

Deflection 
'letup. - 


i 

1 

: 


In the last coluftm 0 denotes the temperature of the 
atmosphere. 

Two curves, one (A) having time as abscissas and (tem- 
perature — 0 ) as ordinates, the other (B) having time as 
abscissae and deflections as ordinates, should be set out, and 
their similarity observed. From the values in the last column 
of the table, the law should be deduced. 


83. 


To compare the Heat Emissivities of Various Surfaces. 

— The emissivity of a surface is the amount of heat radiated 
from unit area per second when its temperature is one degree 
above that of surrounding objects. It varies with the tempera- 
ture, but may be considered as constant for a range of o' 1 to 
100 °. 

The surfaces to be compared usually form the four vertical 
sides of a metal pot, termed a “ I^slie’s cube,” in which 
water may be boiled, thus bringing the whole to a common 
temperature. 

The current .through a galvanometer connected to a 
thermopile is proportional to the difference of temperature 
between the faces of the latter. Hence, if one face be kept 
at the temperature of the air, and the other be placed about 
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6 inches from the cube, squarely facing one side, the galvano- 
meter deflection^, if small, are proportional to the rate at which 
heat is radiated from the cube. 

Thus, if the cube be maintained at ioo° f the £missivities of 
the four sides may be compared by turning it so that each side 
is successively at the same distance from, and squarely opposite 
to, the thermopile, arid noting the deflection in each case. 

The thermopile should be carefully screened from all direct 
radiation from the heating flame. 

One face of the cube should be lamp-blacked, and the 
ratios of the radiation from the other sides to that from this 
side found. 


84 . 

To compare the Intensities of Heat Radiation from 
Different Sources. — The radiation from the heated body or 
flame is allowed, in part, to pass through holes in two screens, 
and subsequently fall upon one face of a thermopile. 

The screen next to the source of heat should be of bright 
metal, and as near to the source as is possible without its 
becoming excessively heated ; the other should be some few 
inches distant and of thick wood. Behind the latter is the 
thermopile, which may advantageously be fitted with a tube of 
paper blackened inside. The source should be of sufficient 
size to rather more than cover the holes; and the face of the 
thermopile, the screens, with, as far as possible, the radiating 
surface, should lie in parallel planes. The various sources 
should be successively placed at the same distance from the 
screen, and the deflections given by the galvanometer connected 
with the thermopile in each case noted. The intensities of 
radiation are proportional to the deflections. In this way 
those of a flat coal-gas flame, a lamp-blacked surface at ioo°, 
strips of metal heated by a flame behind them, etc., should be 
compared. 

In comparing sources of widely different intensities, it may 
be necessary to use a smaller hole for that having the greater 
intensity. When this is done, the deflection must be multiplied 

K 
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by the ratio of the area of the larger to that of the smaller 
hole to obtain its value relatively to that deflection given by 
the weaker source with the larger hole. 


85 . 

To determine the Coefficient of Reflection of Various 
Surfaces for Heat from Various Sources. — The coefficient ol 
reflection, or reflecting power, of a surface for heat, is the ratio 
of the reflected to the incident intensity. This varies according 
to the temperature of the source and the angle of incidence. 

The general arrangement of the apparatus employed is 
as in the last article. The distance, however, between the 
thermopile and wooden screen should be somewhat greater. 
The direct radiation is firstly allowed to fall upon the thermo- 
pile, and the deflection noted. 
This being done, the reflecting 
surface is placed between the 
thermopile and screen, and ad- 
justed to an angle of 90° — 0° 
with the line passing through 
the holes, 0° being the angle 
at which the reflecting power 
is required. During this ad- 
justment, radiation should be 
prevented from falling on the 
screen, either by extinguishing 
the source of heat, or putting 
a shutter between the holes. 

The thermopile is now 
radiation from the reflecting 
surface, its distance from the surface being unaltered. The 
radiation is allowed to fall upon, and be reflected from, the 
surface, and tha thermopile indication is again noted. This 
deflection is due A reflection and radiation from the surface, 
which itSistf becomes warmed. The latter effect can be cor- 
rected for resuming the thermopile through 180* and reading 



< =r . r --T ararrr . ra 
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turned so as to receive the 
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the deflection given by radiation from the back of die surface. 
Let the direct fiefleotion be 0 l} that due to reflection and 
radiation be 0 2t and that due to the last alone be 0 Z . Then— 

_ „ . 0 ' - 0 2 

Reflecting power = 


86 . 

To determine the Diathermancy of Various Substances. 

— The diathermancy of a substance is the ratio of the heat 
transmitted through unit thickness to the heat entering the 
front face. The latter quantity is equal to the total incident 
heat minus the amount reflected. 

The source of heat is placed behind a screen in which is a 
hole through which radiation passes. This radiant heat is 
allowed to fall upon a thermopile or radio-micrometer, and the 
resulting galvanometer deflection 0 l is noted. A plate of the 
substance of which the diathermancy is required is then placed 
between the hole and thermopile, and the deflection again 
observed. Let this be 0 2 . 

These observations should be made employing various 
sources of radiation, and the thickness d of the plate is finally 
measured. 

If now the coefficient of reflection, as determined for a 
small angle of incidence by the method of the previous article, 
be demoted by the ratio of the emergent to the entrant 
heat is — 

U* - c) 

and, making the usual assumption that the diathermancy is 
independent of the intensity of radiation — 
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where I„ I a denote the intensities of the entrant and emergent 
heat, and k indicates the diathermancy. 

In the case of a liquid a containing cell with plane-glass 
ends must be employed, 0, being taken when the heat passes 
through the empty cell, and 0. d after filling. 

Readings of the deflection should be taken as soon as the 
spot comes to rest, for a subsequent creeping up occurs, owing 
to the transmitting substance becoming warm and itself directly 
radiating. 


87 . 

To compare the Conductivities for Heat of Different 
Substances by observing the Temperature Gradient along 
Bars. — The conductivity of a substance for heat at any 
particular temperature is defined as the number of heat units 
that pass per second through unit area of a plate of unit 
thickness, having its sides respectively maintained half a 
degree above, and half a degree below, that temperature. 

To make determinations directly on plates is, however, 
difficult, and productive of inaccurate results. 

Comparisons may be made with moderate accuracy between 
the conductivities of substances by means of bars of each 
similar in all other respects. 

To obtain similarity of surface, the bars should be covered 
with paper, blacklead, etc., or electro-plated. 

One end of each is heated, and when they have attained a 
thermally stationary state, the temperatures at three correspond- 
ing points along each bar are noted. 

For the purpose of indicating temperature, small holes are 
sometimes drilled, into which the bulbs of small thermometers 
are inserted, the space between the bulb and the sides of the 
hole being filled with mercury. It is, however, preferable to 
employ a thenfto-elcctric couple for the indication of tem- 
perature. One of platinum and platinum-rhodium is most 
satisfactory. This, after being standardized, may be inserted 
in holes i or a mms. in diameter drilled into the bars. To 
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standardize the couple, the wires should be connected to a 
sensitive low-restetanoe galvanometer. The deflections should 
then be noted, when the junction is dipped into water at 
different temperatures indicated by a mercury thermometer. 

The temperature of the air, assumed to be the same as that 
of the cool ends of the couple, should also be noted, and a 
curve plotted with the number of degrees the water is warmer 
or cooler than the air as ordinates, and the galvanometer 
deflections as abscissae. In order that the temperature of the 
cool ends may not rise, the couple should not be heated con- 
tinuously, but only for brief periods. The temperature of any 
hole in the bar measured from that of the air may now be 



learned by noticing the deflection when the couple is inserted, 
and referring to the curve. 

The heating of the ends of the bars may be accomplished 
by slipping a piece of rubber tube over them, fitting two pieces 
of glass tubing into the rubber, and blowing steam through the 
narrow chamber between the ends of the bars. 

The steam should pass in at the top so as to sweep out any 
water which condenses. 

The apparatus should be set up in a spot free from 
draughts. 

When deflections given by a thermo-couple placed near 
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the distant end are the came at intervals of some minutes, the 
condition of the bar may be taken as stationary. 

Two positions on one bar at which the temperatures differ 
considerably are then selected, and their temperatures noted. 

I,et the greater of these be T, and the less T 3 , and that of 
the point midway between those selected be T* 

The temperatures of corresponding points on the other bar 
are now observed. Let these be T,', T,', T s \ 

Then, if K and K' denote the conductivities, it may be 
proved that — 


K . 

f'Ti + T,' 
l 2T, J 

1-1 

K lOgej 


'T/ + 'iy 
V z'IY 

)’-■} 


It is to be noted that T„ T,', etc., denote the excess of the 
bar’s temperature above that of the surrounding air. 

A curve should also be drawn to represent the fall of tem- 
perature along the bar, haying distances from the heated end 
as abscissas, and excess of temperature as ordinates. From the 
point where this cuts the axis of ordinates a logarithmic curve 
should also be drawn for comparison. 

The tangent drawn at any point on the first otrve is the 
temperature gradient at the corresponding point on the bar to 
which it refers. . . C-.l 

If, in making the preceding comparison of conductivities, 
the temperature falls only slightly from the heated end to the 
other, the outer ends of both bars should be cooled by a 
stream of cold water. 


88 . 

To determine the Conductivity of & Substance by the 
Method of PeriJd^c Flow.— |n this method, originally em- 
ployed by Angstrom, a long bar of the substance is surrounded 
at its centre by a chamber through which steam and cold water 
are alternately passed for equal periods. These may 
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conveniently be of about ten minutes’ duration, the period of a 
complete thernfal cycle then being twenty minutes. After 
several such alternations, if the bar be protected from draughts, 
the mean temperature at any point is constant, varying 
practically within the same limits for each cycle. The limits 
of temperature, however, and the times at which they occur, 
vary from point to point along the bar. Now, since the tem- 
perature variation at a given point depends only on the time, 
its relation may be written in the form — 

= A<, + A, sin (ziri 4 ; S,^ + A* sin ^ 4 ^ + 8 ^ + etc. 

where $ denotes the temperature, t the time, reckoned from any 
arbitrary zero, T the periodic time, and the remaining symbols 
are constants. By means of a thermo-electric couple, such as 
that described in the previous article, the temperatures are 
noted for every minute of a complete cycle at some point near 
the centre of the bar, and from these observations the constants 
m the equation are determined. In a similar manner the 
terms of the equation — 

0 = A„' + A,' sin + 8,'^J -f- A/ sin + 4') + etc. 

can be found for another point on the bar at some distance, /, 
from the first. As each set of observations must be made 
either simultaneously or with the same time relation to the 
heating and cooling, it is as well to start them when the steam 
is turned on for two successive cycles. 

As the coefficients A„ A„', A„ At', etc., rapidly diminish, it 
is only necessary to find the first three. This may be done 
algebraically, since the observations give twenty-four equations, 
from which but five unknown terms have to be found ; or curves 
may be plotted, and the methods of Art. 56, Part I., may be 
employed, 

These having been obtained, it may be proved that the 
diffiisivity, k (»>. the conductivity divided by the product of 
the specific heat and density), is given by the equations — 
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.- K dL ■--- 

° d T(S, -!/)%.(£,) Tft-V> !■*.(£) 

It is advisable, both as a test for the cyclic condition of the 
bar and for general accuracy, to take the time and temperature 
observations for each point twice, the sets of observations for 
the two points alternating, and so covering in all four successive 
cycles. 


89. 


To 


compare the Conductivities of Badly -conducting 
Substances by Means of Slabs.— A flat coil of 
/ 1 insulated German-silver wire of known resistance 
7 , is placed between two copper plates, to which 

' 1/ thermo-electric couples are soldered. On either 

side of these is placed a thin slab of the sub- 
stance to be investigated, and outside these two 
other metal plates with thermo-couples. To 
secure continuity of material, the faces of the 
metal plates against the substance may be 
covered with mercury or glycerine. The thermo- 
electric couples being standardized as explained 
in Art. 87, the temperatures of the inner and 
outer pairs of metal plates may be ascertained. 
If an electric current of 0 atnpbres be passed 
through the central coil, of resistance R ohms 
when hot, a quantity of heat equal to C*R 
watts must travel outwards through the plates 
when a stationary condition of temperature is 
attained. Hence, if A be the area in square 
centimetres of each plate, T their thickness, 0 U 
$2 thq temperatures of the inner and outer metal 
plate* respectively, and K the conductivity of 
the substance, since t watt *= 0*240 calories 


per second- 
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0 - 24 oC a R KA(0, - 6 t ) 

~~ .2 T' 

K °' a 4°C 2 R T 

“ 2A(0 l - 0 2 ) 

The value of K for different values of 0, and 0 2 should be 
determined by varying C, and results tabulated thus : 

Material of slabs = 

R of coil at temperature of air = 

A = 


0|. 6 2 . R at tl h C, C’R. K. 


90. 


To determine the Mean Temperature Coefficient for the 
Modulus of Rigidity of a Substance.— The investigation may 
be best m?de with a spiral spring made of the substance. 
This should be placed inside a tube having one end closed by 
a cork through which a wire by which the spring is suspended 
passes. Through this cork also passes a tube which may be 
connected to a boiling-can. 

The lower end of the spring is attached to a straight wire 
carrying a pan, to the underside of which is soldered a pointed 
piece of stiff wire. 

The pan is firstly loaded until the spring is carrying its 
maximum load but not extended outside its surrounding tube, 
and the vertical position of the point beneath the pan is 
observed by means of a cathetometer. 

A small mirror fixed in a vertical plane tc a horizontal axis, 
which also carries a projecting arm, is now adjusted in such a 
way that the pointed wire enters the small hole in the arm. 
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A lamp and scale are also adjusted, so that the reflected 
spot is at the scale’s zero, and that its tertichl displacements 
may be measured. 

The temperature is noted, and steam is then blown through 
the tube, raising the spring’s temperature to too 8 . Any water 
trickling down the wire may be removed by touching it with 
blotting-paper. The position of the spot is now noted, and 
both mirror and scale removed. Steam is turned off, and the 



sprnig allowed to fall to its original temperature, upon which 
the weights are removed from the pan, and the position of the 
point beneath it again observed by the cathetometer. 

Let D be the difference of the cathetometer readings, U. 
the extension of the spring at the temperature T° of the air. 

Let dbe the alterationvpf extension when heated from T® 
to too 8 , N the number of^entimetres the spot moved ovei 
the scale, L the distance betvteen the mirror and scale, / the 
length of the mirror arm from a\is to the hole. 
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d 

Then is the temperature coefficient of rigidity, 

N/ 

and d*s - ^ approximately, since the angle turned by the 

mirror is half that turned through by the reflected my. 
Therefore— 

N/ 

Temperature coefficient of rigidity = ' ~f) 


91 . 

To determine the Mechanical Equivalent of Heat elec- 
trically. — This equivalent, commonly known as “Joule’s 
equivalent,” is the ratio of the energy of a heat unit, or calorie, 
to that of one erg. 



The method consists in producing heat by the expenditure 
of a known number of ergs electrically, absorbing this heat by 
water, and calculating its amount from the. known weight of 
water and its rise of temperature. 

The heaUmay conveniently be produced in an incandescent 
lamp immersed in the water. 
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Let the known water - equivalent of the calorimeter be 
WEq, and of the lamp 

Sufficient water is then poured into the calorimeter to 
completely immerse the lamp and about an inch of the holder, 
the latter being held in a clamp. This water is measured as 
poured in, and consequently its weight is known. Let it be W. 

The lamp is then connected through an ammeter and 
switch to the mains, a voltmeter being also connected across it. 

The temperature t of the water is noted, and current then 
switched on at a noted time. The voltmeter and ammeter are 
then read every half-minute, until the water, kept well stirred, 
has risen some io degrees. The time is again noted, and the 
current switched off. The highest temperature T attained by 
the water is then observed. 

The observations should be tabulated thus : 


Time. 

Amperes. 

Volts. 

Amperes X volts X 30. 






The sum of the entries in the last column is the total watt 
seconds; multiplying it by io 7 the total number of ergs 
expended is found. The heat gained by the calorimeter, etc., 
is <VV + VVKq + a/)(T — f) calories. Hence, denoting the 
equivalent by J — 

(W + wm + w'X'r - o - 

watt-seconds X io 1 
J = (W + WEq + 

The water-equivalent, w\ of the lamp may be obtained 
with sufficient accuracy by assuming its entire weight to be 
of glass. 

A preferable method of making this determination is to 
use a coil of insulafcd high-resistance wire instead of the lamp, 
the current being obtained at a lower voltage frojn a battery 
of cells. 
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* 

The temperature of the water when current is switched on 
should he noted, as also at every succeeding half-minute until 
the temperature reaches about 6o u C. The rate of cooling 
should then be determined, and curves plotted by the method 
of Art. 68. In this case T is given by the maximum ordi- 
nate of the derived curve. 

The voltmeter may be dispensed with if the resistance R 
and the temperature coefficient of the resistance wire are known ; 
as, denoting the coefficient by r, the watts per second at any 
temperature 6 are given by R(i -f r 0 )C 2 . 

Results by this method should be tabulated thus : 

W = WEq - R = 


Time. 

(tf) Temperature 

i 

Current. 

Volts or R(i + «•#). 

Watts, i 

Watt 

seconds. 





' 

1 



92 . 

To determine Temperature by Means of a Platinum 
Thermometer. — If the temperature of a length of platinum 
wire be altered, its electrical resistance also varies. Denoting 
the resistance at o°C. by R,, the temperature and resistance at 
T° are related according to the equation — 

R,» ^(t+aT + bT*) 

when a and b are constants. Further, if conditions could 
remain unaltered, the resistance at — 273 0 C. would become 
zero, provided the metal be pure. 

The platinum thermometer consists of a long fine platinum 
wire, supported on a mica frame, and enclosed in 'a glass or 
porcelain tube. . With the handle are connoted four terminals, 
two connected to the wire, the other two connected also to the 
wire, or to compensating leads, according as the resistance is 
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to be measured by the Wheatstone bridge, or by the Potentio- 
meter method (Arts* 182 , 180 )* The instrpmetU is standardized, 
and the values of a and b are found, by firstly surrounding it 
for some time with melting ice at o°C and measuring its 
resistance R** The same operation is then performed after 
it has been raised to 100° C. by steam* Then— 

Rioo = Ry(r + ioo# -f io,ooo£) 
and = R t >(r - 273# + 74 > 5 2 9 /; ) ~ 0 

These two equations are, of course, sufficient to determine 
the two unknown quantities a and b. A curve may then be set 
out with various values of R as abscissa?, and the correspond- 
ing values of T as ordinates. The temperature of any 
enclosure into which the thermometer is placed may then be 
found by measuring the resistance and referring to the curie. 

The assumption of zero resistance at — 273 0 may lie 
avoided by finding the resistance for some third known 
temperature, for instance, 300° C. For the last equation may 
then be substituted — 


R**) = R„(* + 300# -f 90,000/') 



PART III 

Magnetism and electricity 
Magnetism 

The strength of a magnetic pole is the force (in dynes) with 
which it repels a unit positive magnetic pole i cm. distant 
from itself. It will here be denoted by m. 

The moment of a magnet is its pole strength multiplied by 
the length between its poles. It will here be denoted by M. 

The intensity of magnetization is the magnetic moment of 
unit volume. It equals M divided by the volume of the magnet, 
or m divided by the sectional area, in the case of a bar. It is 
usually denoted by I. 


93 . 

To map the Field due to a Given Distribution of 
Magnetism.— A small compass-needle should be placed in any 
part of the region to be mapped, and dots made with a sharp 
pencil, marking the position of its ends. It is then moved 
through its own length so that one end coincides with the mark 
which was previously under the other end, and the position of 
the leading pole is again marked. In this manner a series of 
points is found through which a continuous line is drawn. 
Similar lines are then plotted over the whole .region. One or 
more positions are usually found in which die needle rests in 
any directing, owing to the weakness of the directive force. 
These are termed "neutral” points. 
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In plotting the field of a bar magnet, it should be placed 
in the magnetic meridian. Owing to the aotual field plotted 
being the resultant of that of the magnet and that of the earth, 
the lines are not symmetrical at each end. 

The equipotential lines cut the magnetic lines at right 
angles. They are most conveniently set out by means of a 
compass-needle carrying a pointer perpendicular to itself. The 
position of this pointer’s ends is then plotted, and the lines 
drawn. 


94. 

To compare the Moments of Magnets by the Magneto- 
meter. — A magnetometer consists of a suspended magnetic 
needle beneath which is a circle divided into degrees. In the 
more sensitive forms the indications arc given by a mirror and 
scale. 

The magnetometer is adjusted until the needle is in the 
magnetic meridian, and giving zero reading on the scale. The 
magnets to be compared are placed due east and west of the 
needle’s centre, either on a line previously drawn, or along a 
bar permanently attached to the instrument Similar poles of 
each are toward the needle, and their distances from it are 
adjusted until the needle lies in its original zero position. Let 
D, and D 2 be the distances between the centres of the magnets 
and the needle, M, and M 2 the moments of the magnets. 
Then, if D 2 and D 2 be large compared with the magnet’s 
length — 


M, VD|N» 

M 3 ~ Vlv 

The ratio should be found for several values of D, and D 2j 
both with north and south poles, the mean value being 
ultimately obtained. 

In some case^ it is difficult to measure to the centre 
of the needle, and this operation may be avoided by finding 
distances and D* at which balance exists, and increasing 
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them to D 3 and D 4 respectively, the balance being maintained. 
Then — 

Mx D> — Di V 
M a ~ \Dt-~ Dj 

The relation between magnetic force and the distance from 
the magnet may also be investigated by the magnetometer. 
The magnet being placed due east or west of the needle, the 
tangent of the latter’s deflection is proportional to the magnetic 
force due to the magnet at the needle. A curve should be set 
out having distances between the magnet and needle as abscissae 
and values of the tangents as ordinates. 


95 . 


To compare the Moments of Two Magnets by Oscilla- 
tion. — When a magnet is suspended about its centre of mass 
and vibrating through a small arc in a uniform magnetic 
field, the force acting upon it is proportional to its displace- 
ment, and it consequently oscillates with a simple harmonic 

motion. Its period T is, therefore, equal to 2 ir\J ^elmtion' 

But the acceleration is the twisting couple, or torque, 
divided by the moment of inertia I. 

Hence, if H be the strength of field in which it swings — 




MH 


and M = 


4* a I 

HT» 


If two magnets be separately oscillated in the same uniform 
field — 
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while if H, the strength of field, he known, the moment of each 
may be absolutely determined when I incalculable. 

The magnets should be carried during vibration in a wire 
stirrup attached to a thread as long as convenient. To avoid 
original torsion, a non-magnetic bar similar to the magnet 
should be suspended, and the support of the thread turned 
until it lies in the magnetic meridian. A thin straw or other 
suitable object should then be affixed to one end of the magnet, 
so that when the latter is suspended and at rest, an ink maik 
may be made on the glass cover in line with the straw and the 
suspending thread. 

Care should be taken in suspending that the correct pole 
is toward the north, and that the magnet lies in a horizontal 
plane. Oscillation is started, after the mark on the glass has 
been made, by bringing another magnet near from due east or 
west of the centre and in the same horizontal plane. The 
period is determined in the usual manner (Art. 27 ). 

I for a round bar oscillating^ _ / leiigth^ r adius 2 \ 

about its centre of length f “ \ 1 2 ^ 4 / 

I for a rectangular bar of hori-> __ / p 4. p \ 

zontal dimensions b and / ) ~ nitUS V ~ j“ / 

This method may obviously be applied to compare the 
strengths of uniform fields, or, using a sufficiently small magnet, 
the relative strengths at different parts of one that is otherwise. 

Tor, oscillating the same magnet in fields of strength H, and 
H 2 , if Nj and N 2 be the vibrations per second — 

H, /NA* 

H*~ VN 2 / 

For this latter purpose a short massive magnet, suspended 
in a glass tube about a cms. diameter and 10 cms. long, is 
convenient. 4 

Employing this method, the intensity all over a horizontal 
plane in some artificial field should be found, the direction 
being firstly plotted as in Art. 93 . 
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For each of the lines drawn on the plane a curve may be 
plotted having tin; lengths of the line from some limit, set out 
to full size, as abscissae, and the intensities at the corresponding 
points as ordinates. These intensities may be expressed 
relatively to the horizontal component of the earth's field as 
unity, the latter being found by vibrating in some place 
remote from iron objects. 

If these curves be cut out and erected vertically along 
the lines to which they correspond, a solid diagram of both 
direction and intensity is obtained. 


96. 

To determine the Horizontal Intensity, H, of the Earth's 
Field. — The magnetometer of Art. 94 is placed in the position 
there described, i.e. with the index at zero. 

A magnet is then placed at a distance D due east or west 
of the needle’s centre, the measurement being from the centre 
of the magnet to that of the needle, and D being large com- 
pared with the magnet’s length. As may be proved experi- 
mentally when M and H are known, if 0 be the magnetometer 
deflection — 


M 

H 


tan 0 
2 


If now the magnet be oscillated in the earth’s field, as ex- 
plained in the last article — 


MH = 4^ 

T 2 

where T is the period of oscillation, and I is the magnet’s 
moment of inertia. From these equations — 

if N denote the number of oscillations per second. 
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In determining 6 , each pole in succession should be turned 
toward the needle, and the mean value erf the deflections 
taken, each being regarded as positive. 


97 . 

To determine the Magnetic Inclination or Dip; and 
hence, H being known, the Total Intensity of the Earth’s 
Field. — A simple pattern of dip-circle consists of a flat mag- 
netized needle having an axis at its centre and its ends 
pointed. It is supported on knife-edges, so as to be movable 
in a vertical plane. Coaxial with the needle is a graduated 
circle rigidly attached to the frame carrying the knife-edges. 
The latter should be capable of rotation about a vertical axis, 
its changes of azimuth being read from a graduated circle on 
the base. 

The dip is the angle the resultant of the earth’s magnetic 
field makes with a horizontal plane. In determining it, the 
base of the dip-circle is levelled, and the frame turned so that 
the needle lies approximately at right angles to the magnetic 
meridian. The frame is then adjusted in azimuth until the 
upper end of the needle is at 90° on the circle, and the azimuth 
reading is noted on the horizontal circle. The same observa- 
tion is repeated with the lower end of the needle at 90° 

The needle is now turned so that its previously outer side 
is next the circle, and the same operations repeated. 

After this, the whole frame is turned through 180° in 
azimuth, and an exactly similar set of observations made. The 
mean of these eight readings is the true easterly and westerly 
azimuth position of the dip-circle. 

The frame is rotated through 90° from this mean position, 
and then lies in the magnetic meridian. The readings of both 
ends of the needle are noted. It is then turned so that the 
previously outer side is next to the circle, and the position of 
each ettd again reSid. 

' Exactly the same sequence of observations is again made 
with the frame turned through 180 0 , 
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The polarity of the needle should now be reversed by 
careful stroking With bar magnets, the poles of the latter being 
drawn according to the method of “ divided touch ” from the 
centre to the ends of the needle. 

The last eight observations are then repeated, so that, in 
all, sixteen readings are obtained. 

The mean of these gives the angle of dip, corrected for — 

(<*) Non-coincidence of centres of needle and circle. 

( 6 ) Non-coincidence of magnetic and geometrical axes of 
needle. 

(c) Centres of mass and oscillation not lying upon the 
magnetic axis. 

(d) The top and bottom scale readings of 90° not being 
situated upon a vertical line. 

(e) Centre of mass not lying upon a line through the centre 
of oscillation at right angles to magnetic axis of the needle. 

Results should be tabulated thus : 



Marked pole of needle. 

North. 

South. 

Upper end ... ... 

Lower end ... 

Upper end* needle turned ... 

Lower end* ,, ... 

Upper end* frame turned ... 

Lower end, „ 

Upper end, „ needle turned ... 

Lower end, „ „ »♦. 







Mean angle of dip = 

The total intensity equals II multiplied by the secant of 
the angle of dip. 
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98 . 

To determine by Means of a Magnetometer the Intensity 
of Magnetization produced in Steel Needles by Leyden 
Jar Discharges of Various Spark-lengths passing through 
a Given Solenoid surrounding them.— The magnetometer 
for this purpose is preferably a mirror instrument. One may 
be simply made by attaching a thin piece of mirror glass to 



the side of a very small magnetic needle and suspending by 
a silk fibre. The. case may be a small wooden block with a 
hole cut out as Shown. A strip of copper or brass, e, should be 
bent round to fit this hole, soldered together, and drilled so that 
the suspension may pass through. A glass tube vertically fixed 
to the wood carries the fibre by means of a pin passing through 
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a cork at the top. The whole thing should be mounted upon 
a base with three fleveHing-screws. 

It should be placed in a position remote from iftagnetic 
material, and a scale then adjusted in the magnetic meridian 
until the spot reflected from a lamp below the centre falls upon 
the zero of the scale. If a magnet of moment M be placed 



due east or west of the magnetometer, the distance between 
their centres being D, 


M = 


HDV 

" 4 L 


where L is the distance between the mirror and scale, / the 
permanent displacement of the spot over the latter. 

The solenoid should be placed inside a glass tube, passing 
out through corks at the ends. This tube should be filled with 
oil, and the needle which is to be magnetized stuck centrally in 
one of the corks. A pair of brass balls on rods are supported 
by an ebonite frame in such a manner that their distance apart 
is adjustable. Connections should be made as shown. The 
wires from the Leyden jar are connected to tbe terminals of a 
Wimshurst or other electrical machine. A needle being in the 
solenoid, the balls are adjusted at some noted distance apart, 
and the machine turned until a spark passes. 
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The permanent' displacement of the spot and D are 
observed, and the moment of the magnetized tieedle calculated. 

The intensity of magnetization is then found by dividing 
the magnetic moment by the needle's volume, after which the 
observations are repeated on another for some new length of 
spark. 

Results should be tabulated thus : 

Spark gap. D. L. Magnetic moment. 


It will be noted that if D and L are constant, the moments 
are proportional to /, to which I also is proportional if all the 
needles have the same volume. 

A curve should be plotted with lengths of spark as abscissae 
and values of I as ordinates. 


99 . 

To determine the Distribution of Magnetism along a 
Bar Magnet. — (a) The Vibration Method. — A short thick bar 
is highly magnetized and suspended by silk fibres both above 
and below, so that it may oscillate but cannot swing as a 
whole. These fibres may be secured to *pins passing through 
corks in the ends of a piece of glass tube about 1*5 cm. 
diameter. This vibration magnetometer is clamped vertically, 
and the frequency of its oscillations j»er second found when in 
the earth's field alone. Let this be «. The bar magnet is 
then placed due north or south of its centre, vertical, and with 
its edge at a known distance from the tube. Starting with one 
end of the magnet in the same horizontal plane as the centre 
of the needle, the frequency is found. Let this be N,. 
Raising the magnet by 1 cm., the frequency is again observed. 
Let it be N,. The’ “distance the end of the magnet is above the 
needle is better measured directly for each observation, and in 
the above-mentioned manner the vibration frequency, N„ N„ 
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Ns, etc., for uoted positions along the magnet are found. This 
process should continue till the lower end is level with the 
needle, the attracted pole of which must always be nearest the 
magnet. 

Then, if Mj, M s , Mj, etc., denote the free magnetism at 
points corresponding to frequencies Nj, N» N* etc.— 

M, 

Mj * N, 8 - « 2 

M a _ N, J - «* 

M, * N, 2 ”- « 3 
etc. 

Results should be tabulated thus : 


Distance from N end of magnet. N. N e . N* — *\ 


A line should be drawn equal in length to the magnet, and 
at the appropriate distances along it ordinates erected propor- 
tional to N* — n\ The ordinates should be plotted below the 
line for that part of the magnet which attracts the north pole 
of the vibuting bar. The curve drawn through these points 
then shows the distribution of magnetism along the bar. 

(b) Rowland's Method. ~k coil wound on a bobbin which 
just slips over the magnet is here employed. This coil may 
be about a centimetre long, and is connected w ith a ballistic 
galvanometer. A jaw-piece of some non-magnetic material, 
having the gap between its arms r cm. wider than the 
over-all length of the coil, is capable of attachment to the 
magnet by a clamping-screw. This jaw is firstly fixed in such 
a position that one end of the magnet is flush with the inner 
side of one arm, the coil embracing that part of the magnet 
between the two. The galvanometer being now so distant as 
to be unaffected by the magnet, and the latter being held 
horizontally«t right angles to the magnetic meridian, the* coil 
is quickly clipped along from contact with the outer to contact 
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with the inner arm, and the ballistic throw noted. The position 
of the inner face of the arm nearest the iftagntft’s centre is then 
marked, and the jaw-piece moved until the inner face of the 
other arm occupies the same position. The coil is slipped 
along, and the throw observed as before. These operations 
continue until the entire length of the magnet has been traversed. 
It has then been divided into a number of lengths equal to the 
width of the jaw, and the free magnetism, or number of mag- 
netic lines issuing frdm each, is proportional to the ballistic 
throw obtained. 



Results should be tabulated thus : 
Width of jaw = 

Distance from end of magnet to inside 
face of inner arm. 


A reflecting galvanometer should be used and the throw 
taken in scale divisions (see Art. 101). 

As in method (a) a diagram should be made, in this 
case with value* of the throw as ordinates, their abscissae 
being the points rifidway between the two sides of the jaw- 
piece. 

The ballistic throws are proportional to the electromotive 
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impulses in the coil, and these are equal to the number of 
turns in the coil ihultiplied by the magnetic lines cut across. 

If the ballistic constant of the galvanometer and its resist- 
ance, also the number of turns in the coil and its resistance, 
are known, the absolute number of lines from any part of the 
magnet may be found. 

For let Q be the quantity of electricity producing a throw 
of one division, / the throw observed, G the galvanometer 
resistance, R that of the coil, and N the number of turns in 
the latter ; then — 


/O — ^ es * N 
^ G + R 

Magnetic lines cut = 

If Q is expressed in coulombs, G and R in ohms, it is 
necessary to multiply the right-hand term of the above expres- 
sion by 10 8 to obtain the number of C.G.S. lines. 


100 . 


To determine the Magnetic Force at Various Points 
along the Axis of a Current-carrying Coil.— This relation 
may be found by either the deflection or the oscillation 
method. In the first case, the axis of the coil is adjusted 
at right angles to the magnetic meridian, and the deflections of 
a needle read at various points from the centre of the coil 
outwards. The force at each due to the coil is then given 
by H tan 0 . 

For the oscillation method, the axis of the coil must lie in 
the meridian, and the current when switched on should pass 
round the coil clockwise if viewed from the south. Previously 
to switching on, the number of vibrations made per second by 
a short massive needle under the action of the earthy field 
should be nbted in the usual manner. Let this be denoted by 
N. Starting at the centre of the coil, the number of swings 
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per second is found at various points with a constant current in 
the coil Let these be N lf N*, etc. Then the force due to 

N a — N a N* a — N* 

the coil at the various points is — ^ — H, — ^ — H, etc. 


Results should be tabulated thus : 


Distance from centre of coil. 

Vibrations per second. 

Force due to coil. 

■ ;.! 

I 



Oscillations per second in earth’s field alone = 

A curve should now' be set out with the distances as 
abscissae and the forces as ordinates. 

Applying the method of Art. 94 , with the coil substituted 
for one of the magnets, the other being of known moment, it 
may be shown that the magnetic moment of the coil is equal 
to the product of the number of turns, the mean area looped 
round by its turns, and the current in absolute units. (1 abso- 
lute unit ~ 10 amperes.) 


101 . 

On Electrical Measurements and the Use of the Galvano- 
meter. — Though not repeated for each determination, the 
following points require attention : — 

In making connections, the ends of insulated wires should 
be stripped for about 2 cms. and scraped clean. The w ires 
themselves should be as short as convenient. Their ends may 
be bent into a hook and put round the binding-screw, but 
should not be twisted round it. 

Before any appliance is connected to points at different 
potentials, the possibility of an excessive current flowing 
through should bt considered. 

Secondary celIs v ShouId never be short-circuited. The nega- 
tive terminal may be identified, where the plated are visible, 
by its being connected to the two outside plates. 
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Care should be taken never to let wires from & main circuit 
be connected, except* through a considerable resistance, still 
more never to let them make contact with each other. Neglect 
of this causes annoyance and delay in replacing fuses — or 
worse trouble. 

The most common measuring instruments are the voltmeter, 
ammeter, and galvanometer. The two former are direct 
reading. 

The galvanometer most generally used is the tangent 
instrument, reading in degrees from a pointer, or in divisions 
from a scale and mirror. 

The suspended-coil type of galvanometer gives, when 
unifilar, deflections in which the angle itself is proportional to 
the current ; but when bifilar, the tangents of the angles have 
this relation. 

In any case, if the deflection of a mirror be small, the scale 
readings may be taken as approximately proportional to the 
current. 

The “ galvanometer constant,” or “ G,” is such that— 

H 

Current in amperes = g tan 0 x io 

where H#dcnotes the horizontal component of the earth's 
field, and 0 is the angle of deflection. G really equals 2 w 
times the number of turns in the coil divided by the mean radius. 

It is useful to know the number by which the tangent may 
be multiplied to give the amount in amperes. As H is fairly 

roFr 

constant for any one place, is also approximately so for 

u 

any particular position of the galvanometer. This quantity is 
termed the “ reduction factor,” and may be denoted by k. 

In using an instrument reading from a pointer, the coil is 
turned until this is at zero. If there be several pairs of ter- 
minals, that pair should be used which gives a.deflection nearest 

to 45°- / 

The reading of each end of the pointer is noted. *The 
direction of the current through the coil is then reversed, and 
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the same readings again taken. The mean of the four should 
then be found, and its tangent ascertained from tables. The 
reading of each end corrects for any error in the Relative posi- 
tion of pivot and scale. The reversal of current corrects for 
any between coil and scale. 

With a mirror instrument the lamp should be under the 
zero of the scale, and both lamp and scale then adjusted ver- 
tically until the spot is on the graduated part of the latter. If 
the galvanometer be in adjustment, the spot should now be at 
zero; but should it not be, the position of the lamp may be 
altered slightly until it is. 

Most of the determinations here dealt with, however, are 
by null methods, and in these the exact position of the spot is 
immaterial. 

In many cases the “ spot ” is in reality a band, and one 
edge of it should then be read from. 

If with a pointer instrument the pointer swings round to a 
permanent deflection of nearly 90°, the circuit must be imme- 
diately opened, as the current is probably excessive. With a 
mirror galvanometer only the smallest electromotive forces 
must be applied to the terminals. 

A ballistic galvanometer is used to measure quantities of 
electricity discharged through its coil. It may be proved 
that — 


Q = HT( I+ M s in*x,o 

where Q = quantity in coulombs, T = period of needle’s 
vibration, A = the logarithmic decrement, and 6 = the ballistic 
throw, i.e. the amplitude of the first swing, H and G having 
their previous significance. 

The term is introduced to correct for the damping, 

and A may be found in the following manner. Let the needle 
be adjusted to zero. ,and, when at rest, started swinging over a 
considerable arc by bringing a magnet near for^an instant. 
The reading at the end of a swing is noted, and that at the 
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end of the »th succeeding swing in the same direction. Let 
these be 0, and 0 2 . Then — 

* « ~z (log, 0! - log, 0 2 ) 

271 

The period of vibration, T, is found by noting with a stop- 
watch the time of a number of swings, and hence calculating 
that of one. It should be repeated several times, and the 
mean taken. 

Methods of determining G and H are given in Arts. 104 
and 96. Where a mirror galvanometer is employed, and the 
throws are small, scale divisions may be taken as approximately 
proportional to quantities. 

Proceeding as instructed, several currents should be 
measured, and the values of T and A found for the galvano- 
meter. 


102 . 

To compare Electromotive Forces by the Galvanometer. 

— (a) The Variable Deflection Method , — A sensitive low-resist- 
ance galvanometer is connected through a large resistance 
with each source of E.M.F. in succession, and the deflections, 
0 l and ft., noted for each. 

Let E„ Ea, etc , be the E.M.F.*s; G, the galvanometer 
resistance; R, the large resistance put in; r & etc., the 

resistances in the remainder of each circuit. 


Then 


E, 

r\ + R + G 

E, 

r 2 + R + G 
etc. 


oc tan 0 it 
cc tan 0* 


and 5? = r 2 R 4" G tan 0 2 
E* + R 4* G tan 0\ 

E 3 + R 4* G tab 6% 

E\ ~ t\ + R + G *’ tan 0> 
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If r ls r i} £tc., and G are small compared with R — 


E 2 tan 0>2 
Ej *" tan 0, 

Es _ t an 0* 

E t tan OS 

etc. approximately 


The internal resistances of cells and dynamos are small. 
R should obviously be as large as possible, subject to a clear 
deflection being given. 

(b) The Variable Resistance Method . — In this case, the 
galvanometer being as above, a large resistance is put in 
each circuit and adjusted till the deflection is the same in 
both. Let R l? R it etc., be these large resistances, other 
symbols being as before. 


Then 


E, E, 

+ Ri + G r 3 + R 3 + G’ 


etc. 


and ~ s 
Ei 

Es 

Ei 


r, + R*_+ G 
n + Ri+G 
rj ± Rs -f G 
r x + Ri + G* 
etc. 


or, under the conditions mentioned above — 

E 3 R, 

Ei = Ii 
£ 3 _ R 3 
E,~Ri’ 

c. approximately 

(c) The Sum-and-diffcreiice Method . — The electromotive 
forces to be compared are dealt with in pairs. , Let two sources 
of E.M.F., E, and E 2 , be coupled in series, so that both act in 
the same direction. The total E.M.F. is then F, + E». The 
deflection, when any convenient resistance is in circuit with 
them and the galvanometer, is noted. Let it 4>e One 
source, which may be taken as of E.M.F, equal: to Ej, is 
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then connected in the opposite direction, so that its E.M.F. 
opposes that of value E,. The total E.M.F. is now E, - E 2 . 
Let this give a deflection 0 2 , which may be positive or negative 
relatively to 0 X . 


Then 

% - E» ~ tan 6 t 


and ~ — 4~ tan 0 2 

E 2 tan 0i — tan 0 2 


Similarly with any other pair, E, and E 3 . 

(//) Wheatstones Method— Owe source of E.M.F. is con- 
nected to the galvanometer through a convenient resistance, 
and its deflection, 6 U noted. A sufficient resistance, R„ is then 
added until the deflection is brought down to a noted angle, 0„. 

Let r x be the total original resistance before R was added. 


Then — oe tan 0 t 
n 


_Ei_ 
r, + R, 


oc tan 0, 


Repeating the operation with the other source of E.M.F., 
and adjusting till 0, and 0 S are as before, let R 2 be the added, 
and r 2 the original, resistance. . 

Then — K tan 6 X 

r. 


r q + Ri 
Hence 5 l 


«c tan $ t 

= 'i 
r* 


and m 0-± R » 
E, r a + R, 


E 

consequently =* ; 

E* 


h 

R, 
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103 . 

To determine the Variation of Electromotive Force 
with Time for a Leclanchd Cell with a Circuit of Given 
Resistance. — The cell should be connected to a switch, as 
shown, so that the current may pass round cither the circuit 
ABC or DE as required. 

DE is the resistance forming the external circuit through 
which the cell discharges, and may conveniently be several 
ohms. ABC contains considerable resistance, in series with 
which a galvanometer is connected. This instrument should 


\t 



be as nearly dead beat as possible, and the resistances are so 
adjusted that a large deflection is given when an E.M.F. of 
1 '4 volt is applied to the circuit, and that their combined 
resistance is about 1000 ohms. 

These resistances all remain unchanged during one set of 
observations. The latter commence by placing the contact- 
piece in the cups and on to A and C. The galvanometer then 
gives a deflection proportional to the E.M.F. at AC, which is 
practically the same as that of the cell on open circuit. 

The current is then allowed to run for 30 seconds through 
DE, after, which it is switched over to AC, and the deflection 
again noted. The time during which CD is* switched out 
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should be as short as possible. This operation 'is continued 
until an apparency stationary deflection is given for several 
30-second periods. 

The circuit DE should then be removed, and the cell left 
on open circuit, the deflection when it is switched on to AC 
being noted every 30 seconds as before. 

Results should be stated thus : 


Closed circuit. 

Time. Deflection. 


Open circuit. 


A curve should be plotted with times as abscissae and 
deflections as ordinates. It is convenient to plot the times of 
the open-circuit observations backwards from the last recorded 
time of the preceding set. 

Similar observations should be made and curves drawn for 
different values of the resistance in DE. 


104 . 

To determine the Electro - chemical Equivalent of 
Hydrogen, or, knowing this, to find the Reduction Factor 
of a Galvanometer.— The most convenient instrument for this 
purpose is a Hoffman’s voltameter, consisting of two vertical 
glass tubes, fitted at the top with cocks and at the bottom with 
platinum electrodes. By opening the cocks and pouring into 
a third tube communicating with both, the?* ’tubes may be 
filled with dilyte sulphuric acid, upon which the cocks are 
again closed.' . 
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A simpler apparatus, consisting of two platinum electrodes 
immersed in a vessel of dilute acid, and, a gtyss vessel or tube, 
filled with the same, placed over one of them, will, however, 
suffice. 

The electrolyte should contain about 1 part of strong acid 
to 10 of water. 

That electrode from which the hydrogen is to be collected 
is now connected to the negative pole of a battery of several 
secondary cells, or through a lamp to the leads of the lighting 
circuit. The other is connected through the galvanometer or 
ammeter, and a key, to the other terminal. It is as well to 
connect the galvanometer to a commutating switch, so that tie 
direction in which the current flows through it may be reversed. 
The six-hole mercury switch before mentioned (Art. 103 ) 
serves both as commutator and key. 

The time is noted and the current started, the galvanometer 
deflection being observed now and at each succeeding minute. 
When 15 cms. or so length of the tube are occupied by hydrogen, 
the current in the galvanometer should be reversed. This, 
however, cannot be done with most ammeters. Observations 
continue until about 30 cms. of the tube are filled, and then the 
current is cut off. 

Let the volume per unit length of the tube, previously 
found if necessary, be v, and let n cms. length »of the tube 
be occupied by the gas. 

The difference of liquid level inside and outside the tube 
is noted. Let this be h. 

Then, if the height of the barometer be H, the gas is under 

a pressure H ± ~~ cms. of mercury, approximately, the 

positive sign being taken with Hoffman’s voltameter, the 
negative with the other form described. 

The total pressure of the gas in the tube, however, is that 
due to the pressure of the hydrogen, plus the maximum vapour- 
pressure of water at the existing temperature. 

The latter belfig noted, the vapour-pressure may be found 
from tables.’ Let it be p, and the temperature T% 

Then the volume of hydrogen at o° and 760 mms. is— 
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H ±~ 
% *273 * 3'5 

nv x q, X — 


-P 


273 + T ~ 760 

and, since 1 c. cm. at o° and 7 60 mms. weighs 0 0000896 gram — 


2 73 (H± — -/) 

Weight of hydrogen = o'oooo8 9 6«y — - + y ?6o 


The electro-chemical equivalent is the weight in grams 
liberated by the passage of 1 coulomb of electricity. 

Results of observations should be tabulated thus : 


Time. 


Current in amperes. 


Let the mean current, multiplied by the time in seconds, be 
M coulombs. Then— 


Electro-chemical equivalent of H = ^ e - 

If the electro-chemical equivalent be known, and the 
reduction factor of the galvanometer is required, values of the 
deflection are tabulated in the second column. Let the mean 
deflection be 9 . Then, if k denote the reduction factor— 


Mean current in) ibm$ 
amperes i 

But mean current! total weight of hydrogen 

in ampbres 1 ~ total time x electro-chemical equivalent 


Hence k may be determined. 



1 66 


PHYSICAL DETERMINATIONS 


105 . 

To determine the Electro-chemical Equivalent of Copper. 
— In this determination a current from one or two cells of 
constant E.M.F. is passed through a galvanometer or ammeter, 
G, and a copper voltameter, V. The latter consists of copper 
electrodes immersed in a solution of copper sulphate. It is 
advantageous for the anode to be of a U shape, with the 
kathode plate between its sides. The copper sulphate solution 

should not be saturated, but 
of any density less than i i8j 
and it should Be 'aadlBecTwith 
a few drops o? sulphuric acid. 

A commutating switch for 
the galvanometer may also be 
included in the circuit, and an 
adjustable resistance. 

The circuit should be con- 
nected, and the resistance varied 
until a deflection of a bout 4; 0 
is produced. 

The kathode is then re- j 
moved, thoroughly scoured with ! 
glass paper, washed successively : 
in potash or sodium hydrate '• 
solution, diluted nitric acid, and j 
distilled water. It may then ! 
be dried by dipping in spirit or 
ether, and warming. 

It is now, without being touched by the fingers, weighed 
with the greatest possible accuracy, and replaced in the 
voltameter. 

The current is then switched on, and the time simul- 
taneously noted. • Observations of the current or deflection 
are* made e/ery minute for about 30 minutes, «and entered 
thus: 
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Time. Current in amperes. 

Jk 


At the middle of this period the current through the 
galvanometer should be reversed. 

The kathode is then removed, quickly washed in distilled 
water, dried as before, and again weighed. 

Let the increase of weight be W, and the coulombs of 
electricity which passed, i.e: the mean current multiplied by 
the time of flow in seconds, be M. 

Then the electro-chemical equivalent equals — 

W 

- grams 

M 

If the electro-chemical equivalent be known, the reduction 
factor may be determined for the galvanometer, as explained 
at the end of the last article. 

The density of the current in the voltameter must not 
exceed ^ of an amphre per square centimetre surface of the 
kathode. 


106 . 

To construct and calibrate a Capillary Electrometer.— 
A short piece of glass tubing is closed at one end by a cork, 
and through the latter is passed a length of fine-bore (o'5 
to 1 mm.) thermometer tube, previously washed through with 
nitric acid and distilled water in succession. The lower end 
of this tube is connected by rubber pipe with a wider tube, of 
which the height may be adjusted. The terminals are con- 
nected to two platinum wires, one passing through the cork 
into the wide glass tube, the other fused injo the adjustable 
pressure tube near its lower end. Pure mercury is poured 
into the latter tube until it flows out from the upper* end 
of the capillary, and a further quantity is poured into the 



PHYSICAL DETERMINATIONS 


corked tube,’ covering the cork to a depth of a oi 3 cms. 

Dilute s^ilphyric acid, about 20 
per cent, in strength, now 
poured over the mercury, com- 
pletely immersing the top of 
the capillary tube. It only re- 
mains to' lower pressure 
tube until the acid enters the 
capillary, and to adjust the 
meniscus in a convenient posi- 
tion. 

This being done, a micro 
scope cathetometer focussed 
horizontally upon meniscus, 
and the variation its level 
for various smalt potential dif- 
-f erences at the terminals is ob- 
- served. These should be of 
the order 0 001 or less of a 
11 ; j j 11 1 volt, and may conveniently be 

— cj 1 -f- || obtained by tapping points 

i'i along a calibrated wire witli a 

I small voltage across its ends. 

~0 ^ I It is important to note that the 

rill. terminals of the electrometer 

J must be short-circuited after 

\ / each observation. A table 

should be made out giving cor- 
J I responding values of potential 
l J difference and displacement, 

J 1 ' the difference in level between 

the mercury in the capillary 
and the pressure tube when uncharged, and the temperature. 
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107 . 

To compare Electromotive Forces by Keans of the 
Quadrant Electrometer.— For the comparison of electromotive 
forces of a few volts, Ore instrument should be used heterostati- 
cally, and with the needle charged to a high potential. For 
details of the method of maintain- 
ing the needle at this potential, the 
pamphlet issued with the instru- 
ment should be consulted. 

The quadrants of the electro- 
meter are connected to two mer- 
cury cups in a highly insulating 
ebonite or paraffin block. These 
two cups are then connected by 
a stout wire, and the spot adjusted 
to the zero of the scale. The 
wire connecting the cups is re- 
moved, and the rocking arm in- 
serted. 

The cell of electromotive force 
V, now has its terminals connected 
to A and B. The deflections are 
noted with the quadrants connected 
successively to A and B, C and D. 

Let the mean of these be d v The 
same connection is now made for 
the cell of electromotive force V,. Let the mean deflection 
be d r Then — 

v,_4 

V t ~d t 

If the replenjsher is not used, and the potential of the 
needle gradually falls during the observation*,, similar poles of 
the two cells may be simultaneously connected to A, and* the 
other pole of each connected successively to B. Let the 
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deflections Be d l and d 2i with the quadrants connected to A 
and B. The same observations are# thep made with the 
quadrants on C and D. Let the deflections, with the order of 
succession reversed for the cells, be and d it Then, although 
the potential of the needle may have altered slightly — 

Zl a- approximately 

V a d t + d z 

If the electromotive forces to be compared are large, the 
needle may be, with far greater convenience, connected to one 
pole of a water battery, or of several secondary cells in series, 
the other pole of which is earthed. 

In this case also the electrometer may be used idiostaticaliy, 
i.e. with the needle connected to one pair of the quadrants. 
The electromotive forces are then proportional to the square 
roots of the deflections. 


10 & 

To determine Electromotive Forces by Means of the 
Potentiometer. — A potentiometer essentially consists of a long 
wire, AB, of uniform resistance per unit length, Jhe ends of 
which are maintained at some constant known difference of 
potential. This condition is usually attained by connecting 
them through an adjustable resistance, R, to a secondary cell. 

The length AB is usually graduated. Let it be N divisions 
long. Let the potential difference between A and B be V volts. 
Then, if a shunt circuit containing a galvanometer be com 
nected to any two points on AB, at a distance apart equal to n 
divisions, a deflection is given by the shunt current through it. 
Since the fall of potential from A to B is uniform, this current 

n 

is due to an E.M.F. equal to j^V between C and D, acting 

round the circuit* CEDC. If, therefore, a source of E.M.F., 
equal and in ' the opposite direction, were placed.in CED, no 
current would pass through the galvanometer. 
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Hence, to determine the E.M.F. of a cellf which must, 
however, be less^than, V, it is placed in such a shunt circuit 
and the distance CD found, for which there is no deflection. 

Then the E.M.F. of the cell equals ^V. 

If the E.M.F. to be determined be greater than that 
producing the difference of potential V, the resistance R may 




be removed, the secondary cell put in the circuit CED, and 
the unknown E.M.F. connected to A and B. Since the 
secondary cell has an E.M.F, of 2 volts — 

E.M.F. between A and B = — 

n 

Precaution must be taken that the wire -is not overheated 
by the current. 

It is obvious that the sensitiveness of a potentiometer is 
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proportional 'to the length of its wire. For convenience, the 
latter is usually made in short lengths, connected by massive 
brass pieces. In practice also the point C is fixed, and 
coincides with A. 

To determine an electromotive force, a Clark cell is firstly 
placed in CED, and balance found. The resistance R may be 
inserted in series with the potentiometer wire, and adjusted 
until n is some convenient number. Now, the E.M.F. of a 
Clark cell is 1*435(1 — o*ooo77(/° — 15 0 )}, where t is the 
existing temperature. Hence the drop of potential along 

AB is ~ ~ volts per division at 15 0 , and nearly so at all 

ordinary temperatures. The resistance R remaining unaltered, 
any other source of E.M.F. may be substituted for the Clark 
cell, and its magnitude found by noting the number of divisions 
giving a balance. 


109 . 

To determine the Electromotive Force necessary to 
produce Sparks across Air-gaps of Various Lengths.— The 
two sparking terminals may conveniently be spherical, and 
mounted as described in Art. 98 . The elec.romotive force is 
produced by means of a Wimshurst or other induction machine, 
and measured by a simple form of attracted disc electrometer. 
The latter consists of two circular metal discs, the upper of 
which is supplied with a guard-ring and with threads, by means 
of which it may be suspended from the beam of a balance. 

The distance, l, between the inner faces of the lower disc 
and the guard-ring is measured, also the diameter of the upper 
disc, and hence its area, A, is found. 

The disc is now suspended from the balance and counter- 
poised, after wljich a small additional weight, W, is placed in 
the pan, thus raising the disc, to which the remaining portion of 
the electrometer is then adjusted in such a way that the guard-, 
ring hnd disc iie in the same plane. 

One pole of the machine is connected to the upper disc by 
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a fine wire just in contact, also to the guard-rina and to one 
sparking terminal ; the^other pole to the lower plate and the 
other sparking tefminal. The two latter, being at first in 
contact, are gradually drawn apart while the machine is in 
action, until the suspended plate is drawn down, when their 
distance apart, L, is observed 

The weight W is varied, several observations being made 
for each value, and the mean taken. 

Now, if v be the electrostatic potential difference when the 
plate is drawn down — 

v ' A 

consequently the electro-magnetic electromotive force in volts, 
V, is given by 

it , /8v~X~g8iW 

v - 'V — S — x 300 

A curve should be plotted having values of V as abscissae 
and of L as ordinates. 


Resistance. 

The specific resistance of a substance is the resistance of 
unit length of a bar having unit sectional area. 

The reciprocal of this is termed “ the specific conductivity.” 
These are independent of the current in the bar, but vary 
with changes of temperature and strain. 

The practical unit of resistance is the ohm, which equals 
to 9 absolute units, , 

The roost generally used method of determining resist- 
ances is to compare them with some standardly means of a 
Wheatstone’s bridge. 

. In practice this may take either of tVo forms s (a) the 
metre bridgjb ; 0) the post-office resistance boi. 



»; 4 


PHYSICAL DETERMIHA TIONS 


110 . 

To determine a Resistance by tbe Metre Bridge.— 

The bridge consists of a wire, ab, which is commonly assumed 
to be of uniform resistance per unit length, but which should, 
for work of any accuracy, be calibrated, so that the resistance 
of any part of it is known. This is stretched between copper 
blocks as shown. These blocks form a bar interrupted by four 
gaps, on each side of which are screws. The cell is connected 
to the ends, and the galvanometer from the centre to a contact 



piece, c, movable along ab. One gap on each side, suppose 
C and D, is closed by a short bar screwed across ; in one of the 
others, suppose B, a standard resistance R is inserted ; and in 
the other, A, the resistance x to be determined. 

The contact-piece is now moved along ab until upon 
making contact no deflection occurs. The distance //' is 
noted. The resistances in A and B are now interchanged, and 
the distance n" from b at which balance exists is observed. 

Let the mean of ti and n' be n. Then, if, as is usual, ab 
is divided into ioo parts, 

« *= — - — R 

•• too — « 

If the resistances of lengths along ab be known, it is 
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unnecessary to interchange x and R, and frojn the first 
observation — 

x _ resistance between a and g p 
resistance between b and c 


111 . 

To determine a Resistance by Means of a Post-office 
Resistance Box.-— In the post-office box the three arms, 
A, B, and C, of the bridge are arranged as shown, and one 




connection of both battery and galvanometer is made through 
the contact-keys in front. 

In some boxes the relative positions of, galvanometer and 
battery are interchanged ; but, as the keys and jbe arms, are 
usually indicated on the top of the box, no difffculty arises. 
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All screws should be well screwed down, and the plugs well 
in originally. The io-ohm plugs should then be withdrawn 
from arms A and B, and firstly the battery^key, and then the 
galvanometer key, depressed. The contact of the latter should 
be but momentary, and the direction of deflection noted. 

The infinity plug is withdrawn and the deflection given 
upon depressing the keys again observed. If all connections 
and contacts are as they should be, these two deflections are 
in opposite directions. Assuming this to be the case, the 
resistance of ann C is varied by pulling out plugs until the 
deflection is in one direction or the other, according as the i- 
ohm plug is in or out. If the other plugs withdrawn from C 
when this condition is obtained amount to N ohms, the 
resistance of x lies between N and N + i ohms. 

Should the resistance of x be greater than the total value 
of all the plugs in arm C, the resistance in A must be 
increased from io to ioo or 1000 ohms. In this case the 
resistance in C which gives a balance is one-tenth or one- 
hundredth respectively of that of x. 

On the other hand, where the measured resistance is small, 
that of A should remain io ohms, and the ioo or iooo ohm 
plug, instead of the io ohms, should be drawn from B. The 
resistance in C which gives a balance is then io or ioo times 
that of x . 

In determining large resistances, it is necessary to use a 
battery of several cells, and particular care must then be taken 
that one plug is always out of arm B while the key is depressed. 
Otherwise one of the smaller resistances in arm C may be 
burnt out. 


112 . 

To determine the Specific Resistance of a Substance. 

— Since the specific resistance is the resistance of i cm. 
length of a « conductor of i sq. cm. sectional area, the resist- 
ance of a length, *L, of a circular wire of diameter I) is — 

R « specific resistance X 
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or, if R be known — 

Specific resistance = ~ 

4L 

It may be determined, therefore, by finding the resistance 
of a wire of measured length and diameter. The latter may be 
found by applying a micrometer gauge at several points, and 
taking the mean reading. 

As some uncertainty with regard to the length is involved 
by the fact of the ends of the wire being connected to binding- 
screws, the best method of procedure is to find the resistance 
of about a metre length, marking on one end the position of 
the edge of the screw-head; then to slide the wire past the 
screw until about half its length lies between the points of 
connection, and to again mark the position of the screw-head 
and find the resistance. 

The difference between the two values of the resistance is 
that of a length equal to that between the marks. 


113 . 

To determine the Resistance of a Galvanometer or 
Ammeter bv its own Deflection.— (0) Thom soft's Method.— 
The galvanometer is put in one arm of a bridge, having the 
resistances of its other arms considerable. In the place usually 
occupied by it is put a key, and if the instrument be at all 
sensitive the battery should be shunted. * 

•Al x 

When A, B, and C are so adjusted that g-= no current 

will pass through the key when it is depressed. Hence the 
deflection will be unaffected. 

The battery is shunted and the resistances A, B, and C 
firstly adjusted until a convenient deflection is obtained, after 
which further adjustments are made until the deflection is 
constant, whether the key be open or closed. Yhen— 

x as ohms 
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It is convenient to insert an adjustable resistance in the 
battery circuit, so that the deflection may be adjusted without 
alteration of the ratios of the arms. 


\J 



The galvanometer if sensitive may be shunted while in the 
bridge. Let S be the resistance of the shunt. Then — 

_ ACS 
BS - AC 

(b) The resistance of a galvanometer may also f be approxi- 
mately found by connecting it in series with a post-office box, 
a key, and some primary cell of constant electromotive force. 
The cell should be short-circuited by a shunt of low resistance, 
and a considerable resistance put in circuit, before the key is 
depressed. The resistance is adjusted until a large deflection 
is given. This being R, and the galvanometer resistance G, 
the whole resistance of the circuit is R + G, if that of the cell 
and shunt be regarded as negligibly small. Let resistance now 
be put in until the deflection is halved, and let the whole 
resistance^ circuit then be R' + G. In this case — 

2(R f G) » R' + G 
‘ G = R' - sR 

In a similar manner, if the galvanometer be shunted so 
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that the combined resistance is negligible, the resif/tance of the 
cell may be found. 

The above remarks refer to a reflecting instrument. If it 
be the index form, and 0, ff be the two deflections, one of 
which is not necessarily double the other, then — 

(R + G) tan 0 = (R' + G) tan ff 

G = — te 0 Q ~ R tan 0 
tan 0 — tanff 

The resistance of a voltmeter may be found by this last 
method. It should be firstly put directly across the cell 
terminals, and then have the resistance put in circuit. In this 
case the resistance of the cell may be neglected. For an 
ammeter, method (a) is more suitable, all arms having their 
resistances small. 


114. , 

To determine a High Resistance by the Direct Deflection 
Method. — The resistance is connected in series with a sensitive 
galvanometer and a battery. Let 0 X be the deflection. A 
standard high resistance is now substituted for the other, and 
the new deflection 0 t noted. 

Then, if the E.M.F. of the battery has been constant, and 
R and x denote the standard and unknown resistances, G the 
resistance of the galvanometer — 


or x = £(R + G) - G 
0i 


If it is necessary to shunt the galvanometer, let S be the 

resistance of the shunt. In this case — 

( 


X «= 



SG 

G + S 
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The battfcry resistance, being comparatively small, has been 
neglected, if G also be small. 

Q 

x = -R approximately 

0i 

If the reduction factor k for the galvanometer, and the 
electromotive force V of the cell, be known, and 6 be the 
deflection when the unknown resistance is in circuit with both — 


kb- 


V 

* + G’ 


or x = 


JV 

kb 


- G 


and if shunted — 


or approximately — 



* + 


_GS 
G + S 


x — 


. VS 

M( G + S) 


115 . 


To determine Very High Resistances, such as those of 
Dielectrics, by the Electrometer. — Let a condenser of capacity 
K be short-circuited through a high resistance R, and let V be 
its potential at any instant. 

Then the charge equals KV, and the current, i.e. the change 

JU 

of charge with time, is — K-~~. But by Ohm’s law the current 

at 

* V 

through the 1 resistance equals 

R 


therefore -K^- 

and — = 

dt 
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The solution of this equation is — 

V = Ae" k*' 


or log. A - log. V = --g 


where A is a constant determined by the initial potential. 

Consequently , if the potential be V t at a time t 1} and at 
some later time it be V 2 — 


log. V x — log. V 2 = — 


or R = 



2-3Klog w ^ 2- 3 K l Ogl0 1 


where 6 l and 0 % are the deflections 
of a heterostatic electrometer. 

A condenser of known capacity 
has its terminals connected to a 
quadrant electrometer, and is then 
charged to a potential which gives 
a considerable deflection. To 
effect this it is sufficient to touch 
its terminals momentarily with 
those from Ihe battery. 

The leakage of the condenser 
is now observed ; if the deflection 
falls at all rapidly, the condenser 
resistance itself must be found as 
explained above. Let it be r. 

The resistance is now put 
across the condenser terminals as 
shown, and the same observations 
made. If the combined resistance 
be R'— 




R r 
rR' 

R'-r 
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The determination should be made for several different 
values of $! and with the condenser charged in opposite 
directions,, and the specific resistance calculated. ^The greatest 
care is necessary to keep all connections as short as possible ; 
the wires shouldvnot lie on anything, and the resistance should 
be suspended by silk threads. 


116 . 

\ 

To determine Very Small Resistances by Means of a 
Po8t~offlce Box. — It is assumed .tbat the unknown resistance is 
in the form of a straight bar, and * that a standard resistance of 
comparable value is available. I^et x be the unknown, R the 
standard resistance. Both are connected in series with a 
commutator and battery. Thei terminals of the standard are 
also connected to the ends of two arms of a post-office box as 
shown. 

Contact with the unknown ' resistance may be made by a 
slotted piece of ebonite carrying one fixed terminal with a 
pointed end, and another similar, but capable of having its 
distance from the other adjusted by being moved in the slot. 
These two terminals are connected as shown to points on 
the arms. 

The bar between B and C is removed, plugs are withdrawn 
from A and B, and from C and jD. The ebonite contact-bar 
is placed on the bar of unknow/n resistance, and the distance 
apart of its contact-points, together with the resistances in 
C and D, adjusted until no deflection occurs upon closing 
firstly the battery, and then tlpe galvanometer circuit The 
direction of current is then reversed, and balance again found, 
for each of these balances the \ distance apart of the .contact- 
points is tpea^ured, ,C and D remaining Unaltered when the 
current isjrevers$d. The mean of these lengths should be taken 
as that for which the resistance isj measured. 

, Now, theMifference of potent^ between the cbhtactpdints 
is Or, and- thatsbetween the enfdsof the known resistance is 
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CR, if C be the current flowing through the battery. Therefore, 
when a balance exists-r 

C* 

' STc 

X 



Hence, if the bar be of uniform section, and t^e distance of 
the contact-points apart b# L, its resistance per centimetre 
length is-* - - 
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R/B + C\ 
l\a + d' 

It is advisable to open the battery circuit when observations 
are not actually being made. 


117 . 


To determine the Internal Resistance of a Cell by Means 
of the Galvanometer.— This method is only applicable to 
cells of fairly constant electromotive force. A galvanometer, 
resistance box, and commutator are placed in series with the 
cell. If the latter be of low resistance, the galvanometer 
should also be so, and the resistance box should be capable 
of carrying a moderate current. Resistance should be put in 
circuit until the deflection is about 6o°. Let this be R„ and 
the deflection 6 V It is then increased to a value R a such that 
the deflection is about 30°. 

Let the internal resistance of the cell be B, that of the 
galvanometer G, and that of .the connecting wires C. 

The latter may be determined by measuring the total 
length in use, and separately finding its resistance per metre. 
Then, if E denote the electromotive force of the cell- 


end 


hence 


r, +B ~ +G+ S = ' H “* 
rSb+g+s = 1 ,an e ‘ 

Rj-bB-f-G-f-S tan 

R,+B4-G+S tan 0 3 


a n _ (Ri+G+S)tan tfj — (Rj+G-f S)tan 0 2 
and*- - tan ^ _ tan di — — 

If a reflecting instrument is used, scale readings may be 
substituted for the«tangents. 
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118 . 

To determine the Internal Resistance of a Cell by 
Mance’s Method. — The cell is placed in one arm of a bridge, a 
key taking its place in what is usually the battery branch. The 
galvanometer has its usual position. 

The resistances in arms A, B, and C are then adjusted 



until tie deflection of the galvanometer is the same whethei 
the keyjpbe open or elated. 

This condition being obtained — 



For it is only when this condition exists that no current 
passes through the branch containing the key when the latter 
is closed. 


119 . 

To determine the Internal Resistance pf a Cell by a 
Ballistic Method.— Let the cell be connected to an adjustable 
resistance, Capable of carrying moderate currents, through 
a key. 
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Across the terminals of the resistance is connected a con- 
denser having a ballistic galvanometer in circuit, and a key, A, 
or discharging. 

Let the inserted resistance be infinite, and the first throw 
of the spot or needle be $ x when k is closed. The throw 6 t is 
produced by a quantity of electricity sufficient to charge the 
condenser up to the open circuit E.M.F. of the cell passing 



through the galvanometer. Plugs are now pulled out until 
upon depressing k about half the previous deflection is given. 
Let R be this resistance, and 0 2 the first throw of the needle. 
This is produced by a quantity of electricity which raises the 
condenser to a potential v. If V be the open circuit E.M.F, 
of the cell— 

V = 5 v 

R + B + C 

or I.** * 

V 0, R + B + C 

where B is the cell resistance, C that of the connections. 
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Hence B = J-R-R-C = R - C 

V2 \ V<i / 

and C when relatively small may be neglected. 

The condenser must be discharged between each observa- 
tion of deflection. 


120 . 

To determine a Resistance by Means of the Potentio- 
meter. — The principle of this instrument and the method of 
comparing electromotive forces by its means have been dealt 
with in Art. 108. 

If two resistances be connected in series with a cell, since 



the same current flows in each, the differences of potential 
between their ends are proportional to their resistances. 

The resistance * to be determined, a stand? resistance 
R, an adjustable resistance for regulating the ‘current, and a 
key, Jb, are connected as shown. - The ends- of x and R are 
connected to mercury cups. The rocker cups are connected 
to the potentiometer shunt circuit. By this means the potential 
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drops down x and R may successively be balanced on the 
potentiometer wire AB. Hence the resistances are propor- 
tional to the distances along AB at which a balance exists. 

Let x balance at m , R at ;/ divisions. Then x = ~R. 

The key k should be closed before the focker is put in the 
mercury cups. . ; 

By using a sensitive galvanometer, making the current 
through x and R large, and the fall of potential down AB 
small, very small resistances may be determined in this manner. 

Since this is a null method, the resistance of connecting 
wires need not be taken into account ; thermo-electric effects 
at points of connection should, as far as possible, be prevented 
by keeping them at uniform temperatures. 

This method is also applicable to the measurement of electro- 
lyte resistances, the details of which are dealt with in Art. 125. 


121 . 

To calibrate the Wire of a Metre Bridge.— (<r) By 
Carey Foster's Method \ — Two bridges are required, and a 
switchboard of the form shown in which the circles represent 
mercury-cups, which are cross-connected. A rocker stands in 
the central pair of each group, and connects them either with 
the pairs above or below. The mercury-cups should be con- 
nected to terminal screws, and the base of the switch may be 
of ebonite or paraffin. 

A resistance, G, is required, equal to that of a few centi- 
metres' length of the bridge wire. This is termed the “ gauge.'' 

A thick conductor, C, of very low resistance is also used. 
This is termed the “ connector." 

. The ends of the bridge wires are connected to the switch- 
board, and«*&^ contact-sliders connected together through a 
sensitive galvanqpieter. The gauge being switched on to the^ 
left hand of# the bridge, the Contact-piece on the lower wire is 
moved close dp to its right-hand end. The upper*one is then 
moved until balance is obtained at some point p\ 



MAGNETISM AND ELECTRICITY 1 89 

Both rockers are now turned over into the upper holes, 
interchanging thus C aqd G. The upper slider being station- 
ary, the lower is nftw moved to the left until a balance again 
exists. 


R 



• The difference column gives that between the last, two 
readings of the column to its left. 
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These differences are the lengths of the respective bridge 
wires which have the same resistance. 

For let R be the resistance of the lowe'r wire, z be that of 
the length between the left-hand end and the slider. Let R 
and s' denote the same for the upper wire. Let b and V re- 
present the resistance of the connections, bars, etc., between 
Q and B, Q and B'; also a and a between P and A, and F 
and A'. Then, originally— 

ff-fs _ „ £ + R - s 

G -f- a z' b' + C + R' — z' 


After interchanging and balancing, s becoming 
value s". 


a + s" _ 6 + R - f 

C + a' + S ^ + G + R' — s' 

Hence — 


some 


s - s" = (G ~ C) 


tf-M + R 

rf + y + G + C + R* 


which is constant. 

At the ends of the wires the last two positions of balance 
may not be obtainable. To find the value of these portions, 
the gauge may be shortened until balance is givon with the 
slider in each case at the end of the bridge wire. The resist- 
ances of these lengths have then the same ratios to that of the 
other lengths that the lengths of gauge wire have to the 
standard length. 

The total resistance of the bridge wire is then found, and 
hence that of each stepped-off portion. Dividing this by the 
length of each, the resistance of unit length in every part of the 
wire is found, and should be tabulated : 

DiviuoMtttoire between which Value of resistance per unit 

unit len? b Has value. length of wire. 
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(b) By T. Grays Method . — The metre bridges are con- 
nected as shown, g and^ ' being two equal small resistances. 
This equality may* be ensured by adjusting them until when 
the galvanometer is balanced for One position of the rocker, it 
remains so on interchanging them. 

As the rocker requires to be of a special pattern, its place 
may conveniently be taken by two short wires bridging from 
cup to cup. 

To calibrate, the rocker is put over so as to connect the 
cell to A and B' ; the lower slider is placed close to B, and the 



other balanced on A'B'. The position of the latter being 
unchanged, the rocker is put over, connecting the cell to A 
and B, and balance regained by moving the lower slider. 

This operation continues till the whole length is stepped * 
over. The last two ^eps may be made as explained in the 
previous method. Retaining the same signification for R, R', 
s, and s', let a and d denote the resistances of the left-hand 
bridge blocks, b and V ]those on the right-hand end. Then, 
originally — 

+ s _ d g d / 

g+b + R _ * 7 jrp-R' _xr 

and after switching over and balancing, s becoming *" — 
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tt -J- 2" -f - £ d + d 

Hence — 


z — z 


'=■<? 


+ i 4- g + R 


+ *' + ^+R' 



which is constant. 

The total resistance of the wire should then be found, and 
the resistance for each centimetre length tabulated as explained 
above. 

It will be noted that the connections shown in the diagrams 
as thick bars may equally well be of ordinary wire. 


122 . 

To determine Small Differences in Resistances by Carey 
Poster’s Method. — A metre bridge, the switchboard described 
in Art. 121, two resistances, R s and R,, about equal to those 
which are to be compared, and R„ R 4 , those to be com- 



pared, are connected as shown. The positions which these 
would occupy if placed directly in the arms of the bridge are 
indicated, and the cell would be connected between R, and R„ 
Rj and R**" switch-board permits of Rj and R, being 
interchanged in position. All the resistances should, if possible, 
be surrounded by*ftater-jack£ts, as, if the temperature vary, the 
detelminatiorfe possible by this method are valueless. 
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The connections between the bridge and switch should be 
stout bars. 

In obtaining a balance, precautions must be taken against 
any thermo-electric currents. Error from this cause may be 
avoided by putting, a commutator in the battery circuit, and 
balancing for hoth directions of the current. 

A balance is obtained for one position of the switches, 
which should both be rocked over in the same direction, and 
the reading «, of the bridge noted. They are then put over, 
interchanging the positions of R, and R 2 relatively to the 



bridge, and the new position of balance found. Let this be 
« a on the wire. Then the difference of resistance between R, 
and R* is equal to that of the bridge wire between divisions 
«i and n 2 . 

For let R be the resistance of the bridge wire, z l the resist- 
ance of that part of it between the left-hand end and the first 
position of balance »„ z t between the same and the position a,. 
Let a and b be the connection resistances at the ,'e ff and right- 
hand ends. 


Then % 

f 


Ri4-g + *i 
R2 "f* R ■— 
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and after interchanging— 

R, _ R a + a + ' 

R; R^ + R-s* 

» T Ri R,+<r+Si ». If* -}■«+*» 

“““rthr; = ipsSs¥m 

and Rj — Rj — z % — • 

The value of the resistance a, — z t between divisions «, and 
«, may be found from the calibration curve of the wire. 

Two post-office boxes connected in series with the lower 
cups, and having the galvanometer connected between them, 
may be used instead of the metre bridge. 


123 . 

To determine the Temperature Coefficient for the Resist- 
ance of a Material. — The arrangement and method of the 
last article should be employed. The material should be 
twisted into a coil, and inserted into a test-tube of oil. The 
connections to the switchboard should have a negligibly small 
resistance, or it should be found and deducted. The resistance 
of the coil of material should be approximately equal to that 
of some standard which may be used as the interchangeable 
resistance. The test-tube is firstly surrounded by melting ice, 
and the resistance, R, found. It is then placed in a vessel of 
water which is heated to ioo°, and the resistance is again 
measured. Let it be R'. 

Then the temperature coefficient is — fL 

100R 

If ice be not available, the resistance may firstly be found 
at the ojgerved temperature f of the air. The coefficient is 
then approximately— 

f R'-R 
(ioo - $R 
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To determine the 
Strain Coefficient for the" 


— The methbdofijkttlSS’ 
should be used for' idea* 
suring the resistance^ 
The wire to be investi- 
gated and a similar one 
of approximately equal 
resistance should be sus- 
pended as near together 
as possible, and pro- 
tected from draughts. 
The resistances of the 
connections should be as 
small as possible. One 
wire should be attached 
to a scale-pan and the 
other loaded sufficiently 
to keep it taut. Weights 
should then be put in the 
pan, and the correspond- 
ing variations of resist- 
ance found by compari- 
son with the other, which 
is constant. This should 
be done for both in- 
creasing and diminishing 
loads. By measuring the / 
diameter of the wire with (• 
the micrometer gauge, 
its sectional area, and the 
stress per square centir 
metre of the same, Should 
be found. " L. 



^XO 

O' o 
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Results should be tabulated thus : 


Load. Stress. #<j - n x . 


R # — R. 
' R 


where is the length of bridge wire between the 

positions of balance when a metre bridge is used, — s x the 
difference of resistance between the two post-office boxes, or 
that of the wire between n x and n iy R the original unloaded 
resistance, R' the resistance at the load of the entry. To 
determine R, the resistance of the auxiliary wire should be 
found as a preliminary by one of the usual methods. 

The diagram shows the actual connections when post- 
office boxes are employed, and those necessary for a metre 
bridge are apparent from the diagram of Art. 182. 

The most satisfactory metal to investigate is iron, and the 
wires should be between one and two metres long. 

A curve should finally be plotted having stress as abscissae 
and increase of resistance as ordinates. 


125. 

To determine the Specific Resistance of an Electrolyte.— 
The ordinary methods of determining a resistance fail in the 
case of electrolytes, owing to the polarization at the electrodes. 
The following means are, however, applicable : — 

(a) Horsford's Method . — A glass tube of known internal 
diameter is fitted at its ends with corks through which pass 
stout wires carrying discs at their inner ends. These discs 
may thus be adjusted at various distances apart. To allow 
any liberated gas to escape, the tube should be clamped 
vertically, and 1 tjie upper cork bored with an additional hole. 
Xhe resistance of a column of length L is £oun$ in the usual 
way by a bridge. The discs are then brought nearer together, 
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so that the length of columns is L', and the resistance again 
found. The difference qf these resistances is taken as that of 
a column L — L' id length. Dividing this by L — L' and 
multiplying by the sectional area of the tube, the specific 
resistance is found. 

The discs should be of thick platinum, and previously 
blackened by having a current sent in reverse directions 
several times between them while immersed in a solution 
of platinum tetrachloride, after which they should be washed 
in water. Platinum wires should be welded to them before 
this operation; that of the lower disc may pass directly through 
the cork, that of the upper adjustable one should be sealed 
into a fine glass tube sliding in the cork. Contact with this 
last is made by pouring clean mercury in, and passing down an 
ordinary wire. 

(b) Branly's Method . — This consists in measuring the 
difference of potential at two points on a liquid column, and 
noting the current flowing through it. The resistance is then 
equal to the potential difference divided by the current. 

The potential electrodes should be platinum wires sealed in 
tubes. In order to prevent polarization their potential differ- 
ence should be found by a potentiometer (Art. 108), that 
occurring at the main current electrodes introduces no error. 

(c) Kohlrjvfch’s Method . — The ordinary metre bridge is 
here used, but an alternating current is employed. The 
secondary of a small induction-coil is connected to the ends 
of the bridge wire, and a telephone receiver used in place of 
the galvanometer. The two positions on the wire at which the ' 
telephone just becomes inaudible are noted, and the mean 
position taken as that at which balance occurs. It is desirable 
to have the coil itself as inaudible as possible, and to make the 
determination in a quiet room. The usual ratios exist at the 
position of silence, and, the length and sectional area of 
the electrolyte column being found, its specific resii'-nce may 
be calculated. 
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126 . 

To determine the Resistance of a Lamp for Various 
Values of its Current.— As the resistance of carbon is reduced 

by rise ofteittperature, that 
of a lam^ diminishes with 
increase of current. 

The resistance should 
be found when the lamp is 
cold by means of a Wheat- 
stone’s bridge. 

It should then be con- 
nected in series with a 
carbon or lamp resistance 
and an ammeter, and con- 
nected through a key to the 
main lighting leads. 

Across the terminals of 
the lamp a voltmeter is 
connected. The resistance 
should be reduced by successive steps, the instruments bemg 
read for each. The lamp resistance for each' equals the 
voltmeter indication divided by that of the ammet ;r. 

Results should be tabulated thus : 


R of lamp cold = 


Terminal volts. 

! 

Current. 

Resistance. 





A curve should be plotted with currents as abscissae, and 
resistances^ ordinates. 
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Capacities. 

The capacity 0# a tody is the numerical value of the, 
charge which rftislsit to unit potential, i.e. in ^electro-magnetic 
units, thepu&ber'of coulombs raising it to a potential of one 
volt. 

A condenfeer lif ought to this potential by one coulomb has 
a capacity of one farad, Such a one would be of inordinate 
si/e, and a few microfarads is the usual limiti 

If in a condenser the dielectric is not a gas, a certain 
portion of the charge is gradually absorbed, lowering the 
potential. Hence a certain amount of indefiniteness is intro- 
duced in measurements of capacity. This same portion of the 
charge, after the condenser is discharged, returns to the plates, 
giving "them a residual charge. The amount of this may be 
measured by again discharging through a galvanometer, or 
observing the potential, some time after the first discharge. 


127 . 

To compare Capacities by the Electrometer, and to find 
the Relative Capacity of the latter’s Quadrants.— The latter 
determination is advantageously made as a preliminary to 
comparisons between other capacities. For this purpose a 
condenser of very small capacity, o - ooi microfarad or so, is 
required. A parallel-plate condenser of suitable size is readily 
made, for which the capacity may be calculated electrostati- 
cally, and so found in farads by dividing by 9 X to 11 . 

The electrometer needle is then charged to a high potential, 
and the quadrants connected by wires, which should be as 
short as possible, to the condenser plates. These should be 
charged by momentary contact with the terminals of a battery 
of several cells, and the deflection noted. Let it be 0 X . 

The condenser and quadrants are now short-circuited and 
discharged by touching the electrometer terminals with the two 
ends of a wire. The wires ate then disconnected from, the 
condenser terminals, and the latter alone is charged by contact 
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with the battery wires, after which the electrometer wires 
are then, by means of pieces of ebonite rod, moved into con- 
tact with the condenser plates, and tlft consequent deflection 
noted. Let this be 

Then if Q be the charge received by the condenser alone, 
K the latter’s capacity, and k that of the quadrants— 

Q K-' 

and ~S_ « 0 t 
k -f & 

Hence k = K Hi--.—* 

The value of k being thus known, two condenser capacities 
may be compared by connecting one of them to the electro- 
meter and charging it from the battery. Let the deflection 
be 6, and the capacity of this condenser be K,. 

The other condenser is then connected to the first momen- 
tarily, by touching the terminals of the first with wires attached 
to those of the other. Let the deflection fall to ff. 


lta rV # 

,nd KT+ 1 -+ 4 * ' 

and K a = 7 Kl 


In approximate work k may be neglected. 

Ihe above equations have taken no account of the capacity 
of connecting-wires. This capacity, always small, should be 
made a minimum by using short connections. The wires 
should bridge completely from terminal to terminal, or be sup- 
ported by tfcjr own rigidity when screwed down at one end 
so as never to cqme in contact with surrounding objects. 
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128 . 

To compare tne Capacities of Condensers by the Ballistic 
Galvanometer. — The principle of the method is that when 
two condensers are charged to the same potential, their 
charges are proportional to their capacities, and consequently, 
if, when charged or discharged, these quantities of electricity 
are sent through a ballistic galvanometer, the deflections indicate 
the capacities. 

Neglecting correction for damping, the capacities are 



actually proportional to the sine of half the angle of the first 
swing; but if the galvanometer be a reflecting instrument they 
are approximately as the scale readings. 

For opening and closing the circuits, a Kempe’s key is 
very convenient. 

This contains two keys so arranged that, upon depressing 
either, contact is made between u and c oi </, wlen released 
contact is m&de between b and c or b' and c\ An eccentrfc is 
also fitted by which either key may be fixed in an off position. 
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In the absence of such a key an ebonite or paraffin plate with 
mercury cups, as shown, may be used, contact being made by 
a bent wire dipping into any pair of cups desired. 

The key being originally across b and r, it is depressed 
on to a and charging K through the galvanometer. The 
throw is noted. When the spot has come to rest the key is 
allowed to rise, connecting b and and discharging K. The 
throw is now also noted. Let the mean throw be ft Repeat- 
ing the operations with the other key, let the mean throw be ft. 
Then— 


capa c ity of K $ 
capacity of K? ft 

The contacts of the keys should be carefully cleaned by 
gently pressing and rubbing a card between them. The ebonite 
legs also should be dry and clean. 

It is obvious that if the same condenser be charged from 
various sources of electromotive force, the galvanometer throws 
will be proportional to the E.M.F.% and hence that they may 
be compared by this means. 


129 . 

To compare the Capacities of Condensers by a Bridge 
Method. — In this, which has the advantage of being a null 
method, two post-office boxes are placed in two arms of a 
bridge, the condensers to be compared in the other two. 

A Morse or Kempe’s key is placed in the battery circuit 
and connected as shown. The galvanometer should be 
sensitive and of high resistance, while the battery should give 
twenty or more volts. 

. The resistance R should be made two or three thousand 
ohms, and^x adjusted until, on depressing the key and 
charging the condensers, no ballistic throw is produced. 

In this c^se tf?e*potential «of each end of the galvanometer 
wire,* which practically, coincides with that of the adjacent 
plates of the condensers, is the same throughout the period of 
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charging. Consequently each condenser in any small interval 
of time must receive a fharge proportional to its capacity. 



But the quantities of electricity passing through R and R, 
in any small interval of time are proportional to R and IV 
hencc- 

K _Rj 
Kj ”* R 


130. 7 

To compare the Capacities of Condensers by a Method of 
Mixtures.— The two condensers and resistance boxes are 
connected, as shown, to a switch, with which the galvanometer 
is also connected through a key, k. 

The resistances R and Ri are then adjusted until no 
deflection occurs upon putting the rocker into the lower cups 
and charging the condensers; \ocking it oter to the upper 
'ones and ‘connecting them together; then depressing the 
galvanometer key. 
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Under these conditions the charges in the two condensers 
are equal and opposite, so that when connected they neutralize 
each other, and nothing remains to flow through the galva- 
nometer. 

But the potential difference between the plates of K is 
CRj when charged; and of K x it is similarly CR 4 , if C be the 



current flowing through the resistances. Hence the respective 
‘Charges are KCR and K,CR„ and these are equal, therefore— 


K _ R, 

K.j R 

An electrometer may be used in place of the galvanometer, 
the connect^ being made to alternate quadrants. In this 
case the resistances are similarly adjusted until there is no 
deflection upqn dlipi easing th* key k. 
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181. 

To determine* the Capacity of a Condenser. — If a 
quantity of electricity Q be sent through a ballistic galva- 
nometer, reading from a mirror and scale — 


Q in coulombs 


=-!?«? *.*(', + i ) = '“HI 

ttG 2 V 2 / wG ‘ 2 LI mately 


where H = horizontal component of the earth’s magnetic force ; 
T = period of the needle’s complete swing ; 

G = the galvanometer constant; 

6 - angle through which needle first swings when dis- 
charge passes through galvanometer ; 

X = the logarithmic decrement ; 

/ = distance which the spot first moves over the scale ; 
L = distance between needle and scale. 


If the deflection has been produced by the charge of a 
condenser — 


Q — VK 


w here V is the potential, and K the capacity of the condenser. 


Hence K = 


ioHTY 

ZtrGVL 


The period T of the needle should be found, and / noted 
when the condenser charge is passed through the galvanometer 
(Art. 101). 

The cell used to charge the condenser is then connectejJ- 
in series with a resistance box and the galvanometer, which 
should now be shunted. The resistance is adjusted until some 
convenient permanent displacement /' of the spot is produced. 
Let R be the resistance inserted, G' that of the galvanometer, S 
that of the shunt. Then a total resistance R’, where— 



would have given the same deflection, with the unshunted 
galvanometer. 
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* VU* 

8nd R* = stGVL * 10 


AV T U 

Substituting in the expression for K given above— 
K = .1 . L farads 


132 . 

To determine the Specific Inductive Capacity of a Solid 
Dielectric. — The specific inductive capacity of a dielectric is 
the ratio of the capacity of a condenser having that dielectric 
between its plates to the capacity of the same condenser 
having air between them. 

In cases where the dielectric is obtainable in the form 
of a flat slab of uniform thickness, the following method of 
determining its specific inductive capacity may be employed. 

A condenser consisting of two metallic discs, the one 
of which is supplied with a guard-ring, is connected to an 
electrometer, one plate to each terminal. The upper plate 
and guard-ring are suspended coaxially over the lower plate 
by a silk thread, which permits the distance between them to 
be varied. Each plate is separately adjusted in a horizontal 
plane by a level to ensure their being parallel to each other, 
jind their distance apart is made such that the slab of dielectric 
'fnay be subsequently inserted between them without touching 
either. 

A mark is made upon the suspending thread, and a 
cathetometer focussed upon it, after which the condenser plates 
are momentarily put in contact with the poles of a battery or 
cell, and both electrometer and cathetometer readings are 
taken. 

The dielectric slab is now inserted between the condenser 
plat^, thus &ductng the electrometer reading, and the latter 
is brought up to its original value by increasing the distance 
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between the* plates. The new position of the mark is read 
from the cathetometer, and the distance, d, that the plates 
have been withdrawn is found. Then, if / be the thickness of 
the slab of specific inductive capacity K-~ 



133. 

To determine the Specific Inductive Capacity of a Liquid 
Dielectric. — (a) The method of Art. 132 may be applied to a 
liquid if the latter be contained in a flat tray capable of insertion 
between the condenser plates. The condenser is charged with 
the empty tray between the plates to a noted potential, and the 
position of the movable plate observed. The dielectric is then 
poured into the tray to a noted depth, t. The fall of potential 
produced is counteracted by drawing the plates apart, and when 
it arrives at the original value the position of the upper plate is 
again noted. ' 

Let d be the difference between the two positions of the 
plate, K the specific inductive capacity. Then — 

K) a ” dK =/^? 

(6) By Siloufs Indudmeter . — This consists of a glass ja?~ 
with four tin-foil strips, separated from each other by spaces 
about a centimetre wide, pasted internally. A needle with two 
semi-cylindrical faces is carried inside these from a torsion 
head. The opposite pairs of foil strips are connected together 
and to terminals, to one of which the needle is also connected. 
The terminals are connected to the poles of a Jj;ftt8ry, or other 
points, between which a constant jsotential difference exists, and 
•the deflected needle brought back to zero by^urtjmg the tqrsion 
bead. 
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Let 6 be the angle through which it is turned. The liquid 
dielectric is now poured in, and the operations repeated, giving 
some angle of twist, 0 . 

0 

The specific inductive capacity is then equal to g 


134. 

To determine the Current producing one Scale Division 
Permanent Deflection, and the Quantity of Electricity pro- 
ducing the same Ballistic Throw, for a Given Galvanometer, 
by Means of a Cell of known E.M.F. and Standard Resist- 
ances. — The resistances B and G' of the cell and galvanometer 
are found by the method of Arts. 119, 113. The galvanometer 
is shunted by a resistance S, and the number of divisions over 
which the spot is displaced with a resistance R in circuit noted. 
The current is reversed, and the mean reading / taken. 

If the galvanometer had not been shunted, the same 
deflection would have been given with a total resistance 
R' in circuit, where — 

R '---f ? ( R + B+ e ^) 

If V be the electromotive force of the cell, one scale 
division displacement is produced by a current — 

C _ v 
/ “ RV 

The quantity of electricity producing one division ballistic 
throw is— 


v i*GL 

where the letters have the same meaning as in Art. 131 ; 
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and the current producing! _ 1 0H 
unit steady deflection I 2GL 


Hence 


ioH‘ 

aGL 


Y_ 

RV 


and Q = 


VT, 

wR 7 


The only determination, therefore, beyond finding 


V 

R 7 


observe T, the period of swing. 


is to 


Inductance. 


The inductance of a circuit is the number of magnetic lines 
due to its own current which pass through it per unit current. 
The same line passing through several loops of the circuit is to 
be counted as many times. The seif-inductance of a circuit is 
usually denoted by L. 

The mutual inductance of two circuits is the number of 
magnetic lines which, in the sense explained above, pass 
through one of them per unit current in the other. 

This number is the same for both circuits, irrespective of 
which carries the current, and is usually denoted by M. 

In the case of circuits remote ' from magnetic media, L 
and, for the same relative position of the two circuits, M are 
constants. If, however, the circuits be near or encircle 
magnetic masses, the inductance varies with different values., 
of the current, owing to variation in the permeability of the 
masses. It also varies to a less degree for the same current, 
owing to hysteresis. 

The unit of inductance is the secohm, equal to io’ 
absolute C.G.S. units. It is of importance in calculations 
respecting varying Currents, as an electromotive fo^ce is pro- 
duced in a circuit of amqunt where ,C denotes the 


current. 

Another unit, the Henry, is also employed. It equals 

p 
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i o s C.G.S. units. This represents the number of lines pro- 
duced by a circuit, each line being counted only once, 
irrespective of it passing through loops more frequently. 
Thus in a solenoid it is the number of lines passing through, 
and equals the inductance for the same solenoid expressed in 
secohms divided by the total number of turns. 

The moment of a coil is the twisting moment about an 
axis passing through the centre of its figure at right angles to 
its axis, when the coil carries unit current and lies in a uniform 
field of unit strength, the lines of which are at right angles to 
its own. 

This moment is equal to the inductance of the coil, ex- 
pressed in Henrys, divided by 4 rr; or to the same, expressed in 
secohms, divided by 4* times the number of turns in the coil. 

This expression for the moment applies to flat coils, but in 
the case of solenoids must be multiplied by their length, the 
assumption in each case being that the radial depth of winding 
is negligible compared with the mean radius. 

In the determinations of inductance precaution must be 
taken that the galvanometer, when in position and disconnected, 
is uninfluenced by the currents in any of the circuits. 

The sensitiveness of the following methods may be 
increased by (a) reversing the cell connections by a suitable 
commutator instead of merely opening or closing the circuit ; 
(&) employing a secohmmeter. This instrument consists ol 
two cylindrical commutators keyed to the same spindle. The 
circumference of each is divided into two parts, insulated from 
each other by narrow strips. Against these commutators press 
brushes, making connections with the cell, galvanometer, and 
bridge in such a way that when they are rotated, connection 
between the last two is made at any desired interval after 
opening connection between the first and last. This interval 
is adjusted by altering the angular position of one commutator 
on the spincjje relatively to the other. 

The connections are so arranged that both make and 
break effects act in the satfie direction on the galvanometer, 

* By many writers, Henry and secohm are used synonymously for the 
unit here termed the secohm 
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giving a permanent deflection instead of a ballistic throw when 
the secohmmeter spindle is rotated. 

The method of ooupling up an ordinary bridge is as shown, 
dotted lines indicating internal connections. 



On the Production of Induced Currents— The relation 
between the direction of deflection and that of the current 
passing through it should firstly be found for a moderately 
sensitive galvanometer by connecting a cell through a large 
resistance to its terminals, and noting the direction of the 
deflection and of the current. The resistance should be as 
large as possible at first, and gradually reduced till the deflection 
is observable. 

The following may then be investigated : — 

(a) The induced currents produced in coils by the motions 
of a magnet. 

The cell and resistance being removed from the galvano- 
meter, the ends of a coil are connected to the latter. The 
north-seeking pole of a magnet is then quicnly inserted 
into the coil, the effect on the galvanometer* noted, and the 
direction of .the current found. The latter may be expressed 
as " clockwise ” and “ anti-clockwise,” according to the direction 
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in which it flows round the coil when viewed from the end or 
face at which the magnet is inserted. 

When the galvanometer needle has come to rest, the magnet 
should be quickly withdrawn from the coil, and the same 
observations made. 

The same operations should be repeated with the south- 
seeking pole of the magnet. 

Results should be tabulated thus : 


N. pole inserted. 
Direction of current— 


S. pole inserted 
Direction of current— 


N. pole withdrawn. 
Direction of current— 


S. pole withdrawn. 
Direction of current— 


The effect of bringing either pole from a considerable 
distance level with, but not actually inserted in, the coil should 
be noted, also that of its withdrawal from this position, and 
that of passing either pole quickly across the end or face of 
the coil. • 

The connection between the directions of the magnetic 
lines due to the current and those of the magnet should be 
considered. 

(b) Similar operations should be performed with a coil 
connected to a cell in place of the magnet, the relative 
directions of the currents in the coils being noted when both 
are viewed in the same direction. 

(c) If solenoids, one coil should now be placed inside the 
'other, assuming they are of unequal diameters; or, if flat coils, 
they may be placed side by side co-axially. The direction of 
the current produced in that connected to the galvanometer 
should be noted when the other is connected to, or discon- 
nected from a cell, “ clockwise ” or otherwise being as viewed 
from the side on which the inducing coil lies. With solenoids, 
the direction^ may be termed “direct” and “reverse.” The 
connection and disconnection should be made by a key in the 
cell-circuit. 
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136. 

To determine the Connection between the Magnitudes 
of the Current Variation in the Primary and the Electro- 
motive Foroe in the Secondary of a Pair of Coils when their 
Relative Position is unchanged.— When, as in Art. 135 (c), the 
induced electromotive force in one coil is produced by the 
alteration in the current flowing in another, the former coil is 
termed the “ secondary ” and the latter the “ primary.” 

Let the coils be arranged as for (c), Art. 135, and an 
adjustable resistance put in series with the primary and its cell. 
In this circuit should also be placed a key. The resistance 
should firstly be large, and gradually reduced until a deflection 
is given by the galvanometer in the secondary circuit, when the 
current in the primary is stopped by opening the key. Now 
the total quantity of electricity passing through the secondary 
roil is proportional to the magnitude of the impulsive electro- 
motive force produced in it, and for brief currents of this 
nature the sine of half the angle of the galvanometer needle’s 
first swing is proportional to the quantity of electricity sent 
through the instrument. Hence, if 0 be this angle — 

sin $0 « E.M.F. in secondary 

the connection between primary current and secondary E.M.F. 
should be investigated by reducing the resistance in thf 
primary by steps, and for each value opening the key, and" 
noting both the resistance and the deflection produced on 
opening. 

The resistance of the primary coil itself may afterwards be 
found. 

Let this be R,. If R s be the resistance put in by the box, 
and if the resistance of the cell,, which is assumed to be of con- 
stant E.M.F<, be neglected, as, ueing small* it nay be, then 

the currents in the primary are proportional to 
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Results should be tabulated thus : 


R>. j Ri + Rj. 


Current * 


i Rj + Rj ) 


< 

sin 


(sin + Rjj). 


If the galvanometer be a reflecting instrument, the scale- 
readings may be taken instead of sin without introducing 
any great error. 

A curve should be plotted with values of the primary 
current ^ as abscissae, and of the secondary E.M.F. 

(« sin $6) as ordinates. 


137. 

To determine the Relation between the Mutual Induct- 
ance of Two Flat Coils and the Distance they are Apart, 
the Coils being Co-axial and in Parallel Planes.— One coil 
being connected to the galvanometer, the other is connected 
through a resistance and key to a cell of constant E.M.F. 
They are then placed as stated, and brought nearer together 
until a deflection is given, when the primary circuit is opened. 
The deflection is noted, i.e, the angle of the first swing, and 
the distance the coils are apart measured. 

They are then brought nearer together by steps, the deflec- 
^tfon on opening circuit being noted for each position, and the 
distance measured. 

The deflection on closing the primary circuit may be noted 
instead of that upon opening it, with some consequent saving 
of time. 

Results should be stated thus : 


# Distance between coils. 


Jf« W. 
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A curve should be set out having distances apart of the 
coils as abscissae and values of the mutual inductance (<* sin \ ff) 
as ordinates. 


138. 

To determine the Relation between the Mutual Induct- 
ance of Two Plat Coils, and the Angle between their Planes. 
— The two coils are connected as in Art. 137, and placed 
co-axially in parallel planes, the distance between their faces 
being just greater than , 
their radius. The resist- 
ance in the primary is 
now reduced until the 
galvanometer gives a con- 
siderable deflection upon 
opening or closing the 
primary circuit. This 
deflection, 0, is observed. 

One of the coils 
should now be turned 
about either a vertical or 
horizontal axis through 
an angle. If the coil 
have a circle divided into 
degrees and an index, 
this should be 15°. If 
these be absent, an angle 
of 45 0 may be estimated. The deflection upon opening of 
closing the primary is noted for this position. 

The angle is altered in this manner by steps, and the deflec* 
tion at each noted, until the coil has been turned through 360°. 

Results should be tabulated thus : 



Angle between coils* 


Mutual induction (« s)n 4'i}* 

f*- 
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By connecting each coil with an adjustable resistance, and 
with mercury switches, so that the cell and galvanometer may 
be switched from one coil to the other' it may be proved that 



the mutual inductance is the same whichever coil be the 
primary. 

Placing R and R' in serie t s with the Coils, and adjusting till 
R + t resistance ot iis coil equals R' + resistance of jts coil, the 
coil resistances being known, the switches are then put over to 
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AB, A'B' and CD, CD' successively, and the deflection for 
each noted when the key k i! opened or closed. This is 
repeated for each position of the coils. 

In this case the results should he stated thus : 


Angle between coils. 

? 

[ Mutual inductance (« sin iff}. 

! 

Coil at AB primary. 

Coil at A'B' primary. 





139 . 

To determine the Relation between the Electromotive 
Force induced in a Circuit and the Rate at which it is 
cutting across Magnetic Lines.— The most convenient method 
of finding this relation is to excite the field coils of a small 
dynamo separately from a battery of constant E. M. F., and to 
rotate its armature by another motor, the speed of which may 
be adjusted. The brushes are connected to a suitable volt- 
meter, and the armature circuit is otherwise open. 

The voltmeter readings should then be observed, and the 
speed simultaneously taken by some form of speed-counter. 

Several forms of speed-counter exist. In One the revolu- 
tions per minute are instantaneously given by an index. A* 
the index hunts considerably it is a somewhat unsatisfactory 
form. In otherrihe total number of revolutions in an observed 
time is given by the difference of the original and final readings. 
In the best forms of this type a watch embodied in the counter 
is set to its zero by touching a spring, and stops automatically 
at the end of the observation. All are actuated in the same 
manner, viz., by pressing a pointed bar into a small depression 
in the end of the revolving spindle* 

The cireuit of the exciting coils should have ar ammetir in 
circuit to indicate any variation in the number of magnetic 




2l8 


PHYSICAL DETERMINATIONS 


lines cut per revolution, a contingency which must be guarded 
against. 

If, as is usually the case, the motor driving the dynamo be 
driven from constant voltage mains, an adjustable resistance 
must be inserted in its circuit, by varying which its speed may 
be altered. 

A curve should be plotted with speeds as absciss* and the 
induced electromotive force as ordinates. 


140 . 

To compare the Inductances of Two^ Coils.— The two 

coils, each with a resistance-box in series, are placed in the 
two arms AB, AD of a bridge. 

The galvanometer is connected to two alternate junctions 
of the arms, and the battery through a key to the others. ' 


a 



A balance is now found for steady currents,, in which case 
s- as ~. If the battery key, however, be opened or closed, a 

r t r i 

brief current passes through the galvanometer owing to the 
inequality of inductive effects in the coils. ; But these effects 
will be eqtftl wtidh — 

Li X steady current in ABC = L 4 x steady current in ADC 
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If the bridge be so adjusted that this is the case, while 



currents. Consequently — 


_ {'2 
U U r 3 

The operation is, therefore, to vary the total resistance of 



ABC or ADC by means of the resistances in AB and AD, and 
to again adjust r t and r t for steady balance. The magnitude 
of the galvanometer deflection upon opening or closing the 
battery key relatively to that previously produced on doing the 
same, indicates whether the resistance has been varied in 
the right direction. The alteration has been correctly madS 
if it reduces the throw j while if the latter is in the opposite 
direction to the first when operating similarly with the key, a 
correct but excessive alteration is indicated. 

Proceeding in this way, altering the resistances in AB and 
CD, and balancing with r 3 and r a for steady currents, then 
opening or closing the key k, and noting the ballLtic throw, the 
latter may be reduced to zero. 

Then, as Stated- 
ly _ r i 
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141 . 

To compare the Mutual Inductances of Two Pairs of 
Coils.— Two of the coils, one from each pair, are placed in 
series, and connected through a key to the battery. 



The remaining two form two arms of a bridge, the other 
arms of whjph ^re.non-industive. 

•The galvanometer is connected from between tke two coil- 
arms to tbe^unction of the other two arms. 
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In general, upon opening or closing the battery key, a brief 
flow passes through the galvanometer, giving a ballistic throw. 

The resistances i\ and r t should now be adjusted until no 
deflection occurs upon opening or closing the key, and their 
values then observed. 

The values of t\ and r, it ix. the resistances of the coils 
should be determined for steady currents in the usual manner. 


Then 

Mj 


r i 4 - u 
r i 4 " r i 


For let x be the current flowing through AB, y that flowing 
from B to D. 

The electromotive forces between A and B, B and C are 
proportional to M, and M 3 , since the same battery current 
flows through both pairs of coils. 

Then in ABD — 


and in BCD- 


i\x + Gy + r t x = M, 

\ 

n(x -y) + n(x -y) - Gy = M„ 


consequently where y equals o — 


M, _ r, -hf-4 
M, r a + r, 


142 . 

To detemine the Inductance of a Coil by Comparison 
with a Resistance. — The coil of inductance L is placed in one 
arm of a bridge, the remaining arms of which are non-inductive. 
The galvanometer of resistance G is placed across two of the 
junctions of the arms, the battery across the other two, each 
having a key in circuit. 

The coil being in AB, a resistance-box should*be placed in 
parallel with it, and a plug for sow* hundred? Qb ms drawn 
out. The bridge is then balanced for steady currents. 

If now an electromotive force were inserted in AB, the 
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galvanometer would give a deflection proportional to the 
magnitude of that force j but the inductance during the rise or 
fall of current in AB produces an elecfromotive force, equal at 

any instant to where ^ is the current at that time. 

The total quantity, j, of electricity passing through the 



galvanometer is then due to an impulsive electromotive force 

cPx dx 

equal to the integral of L^p, the limits being = o, and 

dx ^ t e (P“X 

steady current in AB. And J L -j- ~ he. 
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Therefore by the theory of the ballistic galvanometer— 
HT 

JrG ^ ^ (*) 


where T is the period of the galvanometer, and 6 t the ballistic 
throw given when the battery key is opened or closed while 
the galvanometer key is closed. 

The observation of this throw, 6 i} is now made. 

A small change of resistance is now made in the arm AB 
by means of the resistance-box. Let this be R. This dis 
turbs the previous balance, giving some steady deflection, 0 2i 
which is noted. 

Then the current in the galvanometer is due to a virtual 
electromotive force equal to — 


, ( (n_± R)>y _ 
V, ± R + r 


Vi \ _ 

n + rj r, + f\ 


approximately 


neglecting the small variation of c. 


Therefore « M tan ^ 
r s -f f 'i G 


. (*) 


and dividing (a) by (l>)- 


RT sin 40, 


~ -f r, ’ ir * tan 0 a 


143 . 

To compare the Mutual Inductance of Two Coils with the 
Self-inductance of one of them, and hence indirectly to 
determine it by Comparison with a Resistance.-^One of the 
two coils is placed in the arm AB of a bridge, of which the 
remaining arms are non-inductive. The other coil is placed 
in series with another non-inductive resistance* across two 
junctions of the arms, the resistance being adjustable. 

The galvanometer is connected across (he remaining |wo 
junctions, and the battery, having a key k in its circuit, to the 
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same points as the resistance and coil. A balance is then 
obtained for steady currents. 

If now the battery key be opened ‘or closed, a flow passes 
through the galvanometer, in general, owing to the inductance. 
This will not occur, however, if r, be suitably adjusted. The 




adjustment §hould be made, and the resistance noted. The 
resistance, as « put in by a box, plus that of the coil, which 
is determined later, is here denoted by r t . 

The bridge being now balanced for variable and steady cur- 
rents, it follows that (-Lx current in AB)s*(Mx current in r,). 
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Whence M = — L — f - — 
r i + r t 

It is very essential that the least possible inductance, that 
of coils excepted, should exist in the bridge. 

The value of L may be found by the method of Art. 142, 
and M determined in terms of resistances. 


144. 

To determine the Inductance of a Coil by Comparison 
with the Capacity of a Condenser.*— The coil of inductance 
I. is placed in one arm of the bridge, the remaining arms of 
which are non-inductive. Three of the junctions between the 
arms are connected to a 
switch, the fourth being 
connected to the same 
through a condenser. 

By means of this switch 
either pair of alternate 
junctions may be con- a 
nected through a galva- 
nometer, the one pair 
directly, and the other 
through the condenser, 
each being open when 
the other is closed. 

Let the coil be in 
AB, and a balance for steady currents obtained with BD 
closed. 

Then if the key k be opened or closed, the inductance 
causes a flow through BD. Let the total amount of this be y, 
and the ballistic throw be 0,. 

If V and G denote the inductance and resistance of the 
galvanometer, the current at any instant in AB, & that in 

Anderson, Phil. Mag., April, lityr. 



9 
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I3D, and — that in the battery, by KirchofTs laws, in the 
} dt 

circuits ABDA. BCDB — 



current in Alf^ive — 

(r, -I- r 4 )x + Gy = r t z - U 

ti 

(** + r t )x - (r 4 + r % + G )y = rj 
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since originally and finally 


d?x (Py , d 2 z 

v * nd X> = 1 


Hence y =»• "" _ 

a ( ,+ ?) + ''(■+?;) 

The switch is then put over, connecting the condenser to 
A and C, and the ballistic throw 6 2 noted. If K be the capacity, 
6-i is due to a quantity of electricity Krf/-, + r t ), c(i\ -f- r 2 ) being 
the difference of potential between A and C. 

Therefore L = K(, + ,,>{ G (, + 5) + „ ( . + 

In practice it is convenient to adjust the capacity until 
0-2 equals 6 lt or to find values of K giving 0 2 greater, and less, 
than 0 U and to calculate the value that would give equality. . 

If L is small, r, and r 2 should also be small ; if it be large, 
>\ and r t should be greater. To increase r„ a non-inductive 
resistance may be put in series with the coil in the arm AB. 
It is convenient to make r, equal r 2 , and r 3 equal r } , in which 
case, if 6 t equal 0 2 also, 

I. = 2K>i( 2G -f t\ -f r s ) 


145. 

To detemi&e the Mutual Inductance of Two Coils by 
Comparison with the Capacity of a Condenser.— One of the 
mutually inductive coils is placed in one arm of a bridge, the 
remaining arms of which are non-inductive. The other is 
connected to mercury-cups so that it may be short-circuited 
through the galvanometer. The junctions of the arms are also 
connected to mercury-cups, one of them through the condenser. 

Let the coil be in AB, and a balance for steady currents 
obtained with BD closed through the galvanometer. ’The 
inductive throw 0, is then observed when k is opened or 
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The throw 0 3 when the influenced coil r 6 is connected to 
the galvanometer, and k is opened or closed, is now noted. 
The inductive electromotive force in this coil while the 

current is rising or falling is if be the current in AB 

dt* ' at 

at any instant This, integrated from ^- X = o to = c t the 

dt dt 

steady current in AB, is Me. The whole quantity of electricity 

passing through the galvanometer is then — where /- is 

r, + G 

the resistance of the coil. . 

But (Art. 144) the whole quantity corresponding to 6, is 
K<(r, + r s ). 


Hence M = K fa + r t ) (r, + 

sin 

By determining M in this manner, and L as previously 
explained, the ratio of the numbers of turns in two coaxial 
coils may be found. The coil of the less radius must for this 
purpose be placed in the bridge arm. 


146 . 

To determine the Permeability of a Specimen of Iron for 
Varioua Values of the Magnetizing Force by the Ballistic 
Method. — The magnetizing force, H, inside a solenoid haring 

N turns per centimetre length is equal to where C is 

the current in ampfcres. This is also the value of the induction, 
i.e. the number of magnetic lines per square centimetre of the 
sectional area, when the interior of the solenoid is non-magnetic. 

If a magnetic core be introduced, the magnetizing force 
retains the same value, provided 4 the length .of the solenoid is 
not less than 400 diameters, but the induction is usually greatly 
increased. Let it be denoted by B. 
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The ratio is termed the permeability, and is usually 
denoted by p. 

The specimen of iron may be in the form of a straight rod, 
if of the proportions mentioned. Let a solenoid into which 
the rod just fits have N turns per centimetre length, and be 
connected through a resistance which can be abruptly varied 
by steps to an ammeter and battery. If another coil be 
wound round the central portion of the solenoid and con- 
nected to a ballistic galvanometer, a throw will be given 
when the number of lines in the solenoid is altered. Let 
the throw 0, when a known current C is started or stopped in 
the solenoid, be noted before the iron is inserted. 

After insertion, the bar is placed horizontally at right angles 
to the magnetic meridian, and demagnetized by a continually 
diminishing current sent through the solenoid in rapidly 
reversed directions. 

A very small current c is now suddenly switched through 
the magnetizing coil, and the throw 6 is noted. The increase 

of H is — and the induction is . 

to io © 

For the next pair of readings, the current is suddenly 
increased to c' amperes, and the throw & observed. The 

value of H is thus , and the increase in B is 4 r NC _ 

io i 0 y 

Proceeding thus by steps, the current should be increased 
to a maximum, reduced to zero, reversed, carried to a maximum, 
ai\ji ultimately brought to zero again. 

Results should be tabulated thus : 


Ammeter reading. ^ 

1 Ballistic throw. 

Change in B. 

B. 

H 

i 

0- 








The value* of«B, are obtained by adding together all the 
values.of preceding lines in the column to its left. 

A curve should then be plotted with values of H to a large 
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scale as abscissae, and those of B to a much smaller scale as 
ordinates. The values of H are negative, and set off to the left 
after reversal ; thoseof B are so when the deflection is reversed. 

A much more satisfactory form of apparatus is obtained 
by making the iron into a radially-narrow ring and winding 
it with primary and secondary coils. A calibrating coil may 
have its primary and secondary similarly wound on a non- 



magnetic core. The secondary of each coil should Ijp 
connected to the other, and the circuit completed through the 
galvanometer. The primaries of the two coils should be 
connected to mercury-cups in such a way that, the current 
may be sent through either. 

It is sometimes an advantage to include an adjustable 
resistance in the primary circuit additionally to that by which 
the current is abruptly altered. 

The latter may be a simple slab of paraffift wasr with a row 

This coil, like all the apparatus, must actually be 10 placed as to 
have no direct magnetic influence on any other piece. 
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of holes containing mercury, and a spiral of platinoid wire 
bridging each pair. Each resistance 901I may then be cut out 
by dropping a short copper wire into ito cups, until all are 
short-circuited. 

The method of procedure is as previously explained. The 
values of B and II, however, are found as follows. Let the 
particulars of windings, etc., be given as below. 

Iron Ring. Non-magnetic Ring. 

Sectional area = A Sectional area = a 

Primary turns = N Primary turns = n 

Secondary turns = N' Secondary turns = ti 

Mean circumference = L Mean circumference = / 

Let 6 be the ballistic throw given when a current, c, is 
started or stopped in the calibrating coil’s primary, ff that 
given by any sudden change in the current of the iron's 
primary. Then the change of induction in the iron core 
which produces this deflection is given by — 

Alteration in value ofB = - n 

ioAN 7 0 

The magnetizing force in the iron ring with any Current / is 

47rNV 

loL ’ 

The results should be tabulated as shown above, and the 
curve plotted as explained. 

The area enclosed by the curve when completely carried 
round and closed, divided by 4 it, represents the loss of energy 
due to hysteresis in carrying unit volume of the iron through 
one cycle. This area being taken as a product of B and H, 
as plotted, gives the energy loss in ergs, when so divided. 

The area included between the curve, the axis of ordinates, 
and the lines' drawn through any two points on the curve 
parallel to die axis of abscissae, divided by 4?r, represents the 
energy expended in increasing the induction between those 
limits. This remark refers only to the curve of increase of 
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induction ; on that of diminishing induction, it represents the 
energy given up by the iron. 

The point at which a tangent drawn from the origin to the 
curve, touches the latter, is that at which the expenditure of 



energy in producing induction, and the electrt -kinetic energy 
of the magnetizing circuit, are increasing, at the same rate. 

The latter is equal at any point to g~HB. 
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The induction remaining when a diminishing current 
reaches zero is termed the “retentivity,” and that value of 
H which brings a diminishing induction to zero the “ coercive 
force.” 

The following should therefore also be stated 

Hysteresis loss in ergs per cycle = 

Rates of loss of energy in producing B and 
of increase of energy in circuit equal at 

Retentivity = 
Coercive force = 


147. 

To determine the Permeability of a Specimen of Iron for 
Various Values of the Magnetizing Force by the Magneto, 
metric Method. — In this method a bar of the iron not less 
than four hundred diameters long is employed. This is placed 
in a magnetizing solenoid which extends some little distance 
beyond its own ends, and supported vertically in a plane at 
right angles to the magnetic meridian and passing through the 
centre of the magnetometer needle. 

To neutralize the effect of the solenoid’s poles, a compen- 
sating coil is placed vertically in such a position that its axis 
produced passes through the magnetometer needle, and is at 
right angles to the magnetic meridian, its distance from which 
is adjusted till no effect is produced on it when a current 
passes through the coil and solenoid in series. The neutral- 
ization is then complete for all values of the current. 

Around the solenoid should be wound a second coil of 
fewer turns ljpr the purpose of counteracting the vertical com- 
ponent of the earth’s magnetic force. This should be con- 
nected to a cell of constant electromotive force through an 
adjustable resistance r. All out and return wires must be 
closely side b)» side so as to be non-inductive. 

The magnet&iag solenoid and compensating coil should be 
conriected to their battery through a commutator, «-a variable 
resistance, and an ammeter. 
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This resistance may be conveniently made by suspending 
zinc cylinders connected to insulated wire in a tall vessel of 
saturated zinc sulphat^, as* shown at R. The current may then 
be adjusted by altering the distances the cylinders are apart, 
for which purpose the upper one may be suspended. 



The rod must now be adjusted, with its solenoid, vertically 
until, with a constant current in me, the maximum enect is pro- 
duced on the needle. In this position its resultant pole is level 
with the latter. 

The next operation is to neutralize the earth’s force. To 
do this a small current is sent thr&Jgh the cvrcTiit he, and the 
iron bar inserted in the solenoid. This, when the current *in 
nc is duly adjusted, will be completely demagnetized by sending 
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a strong current through the magnetizing solenoid and gradually 
reducing it to zero, meanwhile reversing it rapidly by means of the 
commutator. This must be done for 1 various values of current in 
nc, until no effect is produced by the rod on the magnetometer. 

It is as well now to note whether the empty solenoid and 
compensating coil still balance, and to adjust farther, if neces- 
sary, the latter’s position. 

The various parts being now adjusted and damped in 
position, the observation of current in mc % and of deflections, 
commences. 

The current is increased by noted steps to its maximum 
value, and the magnetometer deflection for each noted. 

The same observations are made, reducing the current to 
zero, reversing, carrying to a maximum again, and finally 
bringing to zero, after which it should again be carried to a 
maximum in its original direction. 

Results should be tabulated thus : 


Carrent- 

J Magnetometer deflection. 

H, 

I. 

t B. 

; 








TT 4rrNC , _ T . 

H « where N = turns per centimetre magnetizing 

solenoid, C » current in amperes. This H is not, however, 
the true value of the total magnetizing force in the solenoid, 
for the poles of the iron produce, themselves, a reverse force 
of amount LI, where L is a number depending on the ratio of 
the rod’s length to its diameter, and for which Professor Ewing 
gives the following values : 


Length 

1 , 

L 

diame’er 

f 

i 

4* 

5 ° 

0*01817 

000f450 

00 

o 00540 

OOOO 43 O 

63 

000157 

OOOOI 25 

00 

000075 

0000060 

*00 

0 00045 

0000037 
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Hence H', the operative force, = H - LI = H - — 

4* 

approximately, if B b^ large compared withH', 

I, the intensity of magnetization, is deduced from the 
deflection 6 of the magnetometer as follows : — ‘ 


Deflecting force as F tan 0 
V,» F tan 6 

7 Tf? ‘ 


vaH 

"w 


Tan d Y _ TaHf VA 

” d? ’7," d* K l ~d>) 


Hence I « « 


dj 2 F 


ira 


FS M-g). 


| scale reading 
in cms. 


1 


where F = the horizontal component of the earth’s magnetic 
force, a = radius of the rod, d x = distance between centre 
of needle and rod horizontally, d t = distance between centre 
of needle and a corresponding point on the rod near its lower 
end} / = the distance between the centre of the needle and 
the zero of the scale. 

B, the induction, = H + 4 irl very approximately. 

The determination of p, the permeability, is better postponed 
until a curve has been plotted in the following manner : — 

Axes are drawn in the usual way, and a line is drawn from 

the origin, making with the axis of ordinates an angle tan -1 — 

measured to the left. Values of B are then plotted as ordinates, 
at distances from this line proportional to the corresponding 
values of H. The true relation between B, the induction, and 
H' , the actual magnetizing force, is then given by the distances 
from the rectangular axes as usual. For negative values of H) 
the oblique line is produced downwards, and lies to the right 

B 

of the axis. The permeability is then jp 

There is, however, no difficulty in finding H' from the 
relation given above, and B (= H' + 4*1). and so plotting 
the curve directly and more accurately. 

The expenditure of energy oil unit volunje*of the iron per 
cycle is given in ergs by the area enclosed by the curve divided 
by 4*\ 
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The determination may also be made By placing the bar 
horizontally, level with the needle, in an easterly and westerly 
direction, its centre being due north 'or sputh of the centre of 
the needle. In this case the earths field does not affect it, and 
the neutralizing coil is unnecessary. 

The poles should be regarded as lying one-sixth of the 
bar's length from each end. 


148 . 

To determine the Characteristic Curve of a Dynamo.— 

The characteristic curve for any speed shows the relation 
between the electromotive force induced in the armature and 
the current flowing through it at that speed. 

The resistance of the shunt coils, and of the armature with 
the series coils, should be separately found. 

A voltmeter is then connected across the terminals, and an 
ammeter put in series with variable resistances through which 
the current is to be sent. 

It is very convenient to drive the dynamo by a motor, 
itself driven by a current from mains at a constant potential. 
In this case an adjustable resistance is also required in the 
motor circuit, so that the speed of the dynamo may be kept 
constant while its current is varied. 

The maximum resistance being put in the motor circuit, the 
dynamo is run on open circuit, />. with the terminals only 
connected through the voltmeter. If the speed, which is now 
observed, be greater than that for which the characteristic is 
required, it is necessary to place even greater resistance in the 
motor circuit, or to apply some form of brake. If it be lower 
than required, it may be adjusted by reducing the motor 
resistance. At the required speed the voltmeter is read. 

The external resistance of the dynamo is now made as 
great as possifye, for which purpose a resistance formed by two 
leaden electrodes «and very^dilute acid is convenient, and, the 
motor having been stopped, it is connected to the> terminals 
a and b. The machine is then run and its speed read. The 
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resistance in the motor circuit must be reduced till the speed 
is as before, when the voltmeter and ammeter are read. The 
external resistance is then further reduced, and also that of 
the motor, to keep tKb speed up. 

Proceeding in this way, reducing the external resistance, 
reading the speed and adjusting the motor resistance, then 
reading the instruments, a series of points connecting the 
external voltage and current are obtained. 

These operations necessarily cease when all resistance is 
taken out of the motor circuit, or when the dynamo is carrying 
its maximum current. 

The latter limit is inevitable, but observations may be 
carried beyond the former by determining the connection 
between speed and E.M.F. at the terminals. The observed 
occurrence upon reducing the external resistance, after all in 



the motor circuit has been taken out, is that the speed falls 
below its required value, with a consequent drop in the voltage. 

The voltage corresponding to the characteristic’s speed 
may be deduced as follows : — 

The external resistance is reduced till the required current 
flows, and the speed and E.M.F. are read. Let these be 
N, and V,. 

The speed is then altered by means of the motor resistance, 
the external resistance adjusted till the current has its previous 
value, and speed and E.M.F. again read. Let these now be 
N 2 and V a . 

. If V be the voltage, With the existing currfenf, at the correct 
speed N — * 
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V — V 2 _ V t — V, 
N - N a Nj N, 



N, 

N. 


(v, - v 2 ) 'f V, 


Thus observations may be made, and points on the curve 
found, for all currents between zero and the maximum. 

A curve should then be plotted with values of the external 

current as abscissae and 



of the external electro- 
motive force as ordi- 
nates. This is the ex- 
ternal characteristic. 

To construct from 
this the characteristic 
curve, let r be the resist- 
ance of the shunt (it will 
be more accurate to in- 
crease the resistance as 
measured when cold by 
3 per cent.), and let a 
point, x — i, y s= be 
joined to the origin. 
From any point p on the 
curve, let lines px, py be 
drawn parallel to the 
axes. Then the abscissae 
of the point at which py 
cuts the inclined line 
gives the current in the 


shunt coils when px is 
the external voltage. Let x? be set off from x at a distance 
equal to this abscissa. 


To correct for the drop in E.M.F. in the armature and 
series coilsj(whjch should Jiave their resistance increased by 
abopt 3 per -cefit/if measured cold), a line should be drawn 
from the orfgin, making with OX an angle whose ‘tangent is 
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numerically equal to their resistance. Let an ordinate be 
drawn from x\ cutting this line at /. 

The total induced •E.M.F. in the armature, when the 
armature current is* 0#', is then equal to px + #'/, and the 
point corresponding to this E.M.F. is set off on the ordinate 
through x f . 

The other points on the curve are derived from the external 
characteristic in a similar manner. 

If the dynamo be series wound, no correction is, of course, 
necessary for shunt current. 



PART IV 

LIGHT AXD OPTICS 

149 . 

To determine the Position of an Image seen in a Plane 
Mirror, and to prove that the Angles of Incidence and 
Reflection are Equal. — A plane mirror is supported in a 



vertical plane, on.a # sheet paper, and a line drawn on the 
latter c marking the position of the reflecting face. 

The most ‘convenient image to deal with is that of a pin 
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driven through the paper, and standing vertically some inches 
in front of the mirror near one end. 

The eye being then* placed so that the pin and its image 
coincide, another pin should be fixed in line with them. The 
line which may be drawn later through these two pinholes is 
then at right angles to the reflecting-plane. 

The eye is now moved sideways until the first pin is seen 
reflected in some new position. Two more pins are then 
placed in the same line with the eye, so that they and the image 
coincide. 

This operation is repeated for different positions, aftei 
which the mirror may be removed, and straight lines ruled 
through the different pairs of pinholes to intersect the mirror 
line and meet behind it. 

It will now be found that the image is on that normal to 
the mirror which passes through the object, and that it is situ- 
ated at the same distance behind the surface as the object is in- 
front of it. 

By drawing straight lines from the first pin to the points in 
which those previously drawn intersect the mirror line, and 
drawing perpendiculars at these points to the mirror line, it 
may be shown that the angles of incidence and reflection are 
equal. 


150 . 

To determine by Means of a Sextant the Angle subtended 
at the Eye of the Observer by Two Distant Objects.— The 

ordinary form, known as Hadley’s sextant, consists of a triangular 
frame, of which one side is an arc having its centre at the inter- 
section of the other two. One of the straight arms carries a 
telescope directed towards a glass plate on the other. The 
upper half of this glass plate is silvered so that one-half the 
field receives transmitted, the other half reflected, rays. 
Movable about the centre of the arc is a tfiftd arm, carrying 
a mirror sc* adjusted that when this arm coincides in position 
with that carrying the telescope, the latter receives rays, 
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travelling parallel to its axis before incidence, by successive 
reflection from both mirrors. 

If the direction of the rays before incidence makes an angle 
0 with the axis of the telescope, it is necessary that the arm 

Q 

should be turned through an angle-, in order that they may 
pass through the latter. 

Hence, if the instrument be held so that some fixed point is 
seen directly by transmission through the half-mirror, close to 
the dividing line between its halves, and the movable arm be 
turned until the image of some other point coincides with it, 
the angular distance between the two points is twice the angle 
between the movable and telescope arms. 

To enable this reading to be made directly, the graduations 
on the arc are numbered with twice their real value, and the 
movable arm carries a vernier. \ 

Darkened glasses are usually provided, in order that the 
sun’s position may be found. 

The zero error of the instrument should be determined by 
turning the arm until the direct and reflected images of some 
point coincide, and reading its position on the arc. If this 
position be outside the telescope arm the zero error is added ; 
if inside, it is deducted from the readings made subsequently. 

In measuring the altitude of a star or of the sun, the horizon 
is viewed directly, and the arm turned until the sunflower edge 
coincides with it. Under many circumstances the horizon is 
not visible, and then the telescope is usually directed towards 
the image of the sun in a dish of mercury. When adjusted so 
that the images just touch each other, the reading is double the 
altitude from the horizon. 


151 . 

To determine the Radius of Curvature of a Concave 
Mirror. — The foflcfwing method, based upon the fact of coinci- 
dence between object and image at the centre of ctfrvature, is 
applicable, and usually the most convenient 
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A needle, or other object with a pointed end, is clipped 
vertically in a stand, its point being approximately level with 
the centre of the mirror. 

Its distance from the latter is then adjusted until no relative 
motion occurs between the image and itself when the eye is 
moved from side to side. 

The vertical position is now altered until the points of the 
needle and its inverted image just meet, and the previous 
adjustment again made, more exactly. 

To facilitate this, a lens may be focussed upon the needle- 
point. 

The distance between the needle-point and the mirror is 
then the latter’s radius of curvature. 

If the mirror be large, it may be necessary to screen off 
part, and to use only the central portion, to obtain a distinct 
image. This may be done by placing a sheet of card with a 
circular hole in frdht of the mirror. 

The measurement of the radius from the point to the surface 
may be made directly by a scale for a large mirror, or by 
means of compasses if it be small. 

Methods (b) and (c) of the next article may also be applied 
for this determination. 


152 . 

To determine the Radius of Curvature of a Conjrex 
Mirror.— (a) The mirror is supported on a stand, and receives 
rays diverging from a narrow slit in a screen placed before it, 
or from brightly illuminated cross-wires. 

The rays, after reflection, diverge from a virtual image 
situated behind the mirror. 

If now a sheet of clear glass be interposed between the slit 
or cross-wires and mirror, the rays are again reflated, diverging 
from a second virtual image as f<tr from tb<# jrotit face of the 
glass as foe first virtual image is from its back fa<;e. 

The position of the glass sheet is adjusted until the object 
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and this final image coincide without parallax when viewed 
through the glass. In this case, if 0 be the object, aa the 



glass, c the surface of the mirror, and b the position of the 
image in the mirror — 

oa = ab 
oa — ac = cb 

Hence, by measuring oa and ac, the radius, R, may be found 
from the ordinary relation between conjugate foci. 

2 _ T __ T __ 2 LlC 

R ca — ac oa + ac oa 1 — ac 1 

r — oa2 — ac<1 
ac 


(b) If a scale be placed before the mirror so that its centre 



t 

is orf the latter’s axis and its length is perpendicular to it, a 
virtual image is produced. 
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The eye being placed at the centre of the scale, the length 
of the image as given hy a scale placed parallel to the first and 
in contact with the mirror is observed. 

Let the distance between the surface of the mirror and the 
distant scale be L, the length of this scale be D, and the 
apparent length of the image as seen against the other scale 
be d. 

Then, by similar triangles — 

-D d ■ 

L + R = R a PP roxlmatel > r 
L R 

Whence the radius, R, is given by — 

Id 


R = 


JD -d 


(c) The determination may also be made by the use of an 
accessory convex lens of short focal length. 



The lens, screen, and illuminated cross wires being set up, 
a real image of the latter is obtained, and the position of the 
screen noted. 

The screen is then removed, and the’refl&ting surface 
* substituted at a less distance from the lens. 

If the rays are sufficiently convergent and near the axis, a 
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real image is now formed in front of the mirror. The position 
of this may be found and noted by placing a piece of card 
across part of the reflected rays. 

Let the difference of the distances of the screen and reflect- 
ing surface from the lens be D, and the distance of the reflected 
image from the mirror be d. 


Then 


R 


i 

d 


i 

D 


R = 


2D d 
D~d 


153 . 

To determine the Index of Refraction of a Solid.— The 

refractive index of a solid, usually denoted by fi 9 is the ratio 
of the velocity of light in air to its velocity in the substance. 

This equals the ratio of the sine of the angle of incidence 
to that of refraction when a ray passes from air into the solid. 

The absolute index is the ratio of the velocity in vacuo to 
that in the substance. 

The index relatively to air may be determined by several 
methods. * 

(a) Where the substance is transparent, and a block with 
two parallel faces is available, the following simple method 
may be used : — 

* A sheet of paper being laid upon a board, the block is 
placed on it with the parallel faces vertical. 

The positions of these are marked on the paper, and a pin 
is then driven into it, in contact with the back face and near 
one end of it. 

This pin, marked as is viewed through the block, and 
the eye moved, to one side so that the line of vision is oblique 
to the face.^Two pins, and are then inserted some 
distance apar^ iw/lihe with tfie eye and the first pin. 

'fhe block may now be removed, and a straight lihe drawn 
through and cutting the front face line in some point 0 . 
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Another line through p x and 0 should be produced considerably 
beyond 0. 

The refractive ii\dex is then equal to the ratio of the 



lengths of these lines, measured from 0 , cut off by any straight 
line perpendicular to the face line. 


Tor 


sm / 
sin r 


qs 

vs 



ot 


and qs = rt 

therefore u = ~ 
os 

(b) If the substance be in Uie form of a pmni, the refrac- 
tive index may be found by placing it witkif^refracting edge 
vertical upon a sheet of paper, inserting a pin sqpie distance 
behind it, and turning until the image seen through it is as 
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near as possible to the actual pin. If the prism be turned 
about a vertical axis, it will be observed that, rotated in one 

direction, the .image and object ap- 
proach until a limiting position is 
reached, when the direction of the 
image’s motion is reversed. 

This position, termed that of 
minimum deviation, being obtained, 
two pins, p % and A, are inserted 
* some distance apart in line with the 
eye and the image of p x . 

There is placed also behind the 
prism a pin, / 4 , in such a position 
that it appears, when seen through 
the prism, to be in line with/,, 
and A- 

The prism is now removed, and 
straight lines drawn through p l and 
A» A and A- The angle 8 between 
these is the angle of minimum 
\ deviation. 

It may be proved that in this 
position the angles of incidence 
and emergence are equal, and that 
the angles of refraction and inci- 
dence inside the substance are together equal to 0 , the 
refracting angle, and equal to each other. 

Hence 8 = 2 /- 6 , or i = ~ ~ 

a 

0 

and 0 x= 2 r } or r = - 
2 

But sin i=s n sin r 

1 y> *8 4* 0 • 0 

therefore sm — T- = a sin - 
2 2 





whence, 6 b$ing measured, /* may be calculated. 
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(c) The determination by (b) may be more satisfactorily 
made by means of a spectrometer. 

The spectrometer. consists of a telescope, which may be 
rotated about a vertical axis, and for which the angular posi- 
tion is indicated by two verniers travelling over a graduated 
ring. 

The arm carrying this telescope is fitted with a radial 
clamping-screw and a tangent screw for making exact adjust- 
ment, while the telescope itself has a Ramsden eye-piece and 
cross-wires. 

At one point of the graduated ring is permanently fixed a 
collimating tube in the same horizontal plane as the telescope. 
This has at its outer end a narrow slit of adjustable width, 
which is so placed as to be at the principal focus of a lens 
fitted at the inner end of the tube. 

One-half of the slit is often capable of having a totally 
reflecting prism turned in front of it. In this way the light 
from two sources may be compared, that from one passing 
directly in, that of the other reflected in by the prism at right 
angles to its original direction. 

Coaxially with the graduated ring is usually fitted a central 
table, sometimes capable of rotation, and having its position 
indicated by verniers. 

To adjust the instrument before a determination, the eye- 
piece of the telescope should be focussed on the cross-wires, 
and, without relative motion, both moved until some very 
distant object is seen without parallax, i.e. with no motion 
relatively to the cross-wires when the eye is moved about. 
The telescope is then focussed for parallel rays. 

It is now turned so as to look directly into the collimator 
tube, and the distance between the slit and its lens is adjusted 
until the former is in focus. 

The telescope is then clamped, the vertical cross-wire 
brought to the centre of the slit by means of the Jangent screw, 
and the verniers read. * , ■* 

The prism being placed on the^able so Ih&t the light from 
the collimator passes through it, and, with its refracting £dge 
vertical, the telescope is turned until the image of the slit is 
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again seen. To place the prism in the position of minimum 
deviation, it is rotated so as to bring the image as nearly as 
possible to its original position. During this rotation, the 
telescope also is turned so as to keep* the image in view, 
and upon the limiting position being attained, it is clamped, 
and the final adjustment made by moving the prism slowly and 
turning the cross-wire to the centre of the image. 

Both verniers are now again read. 

The prism should be turned so that the light is incident 
upon the other face and the deviation in the opposite direction, 
the above operation being repeated. 

Let the mean angle of deviation be 8. 

It is necessary that the angle of the prism should now be 
found. This may be done by setting the prism with its re- 
fracting edge toward the collimator and slightly in front of. the 
centre of .the table. The light from the slit will then be thrown 
off to right and left by reflection from the faces of the prism. 
If the telescope be turned to receive it from each face in suc- 
cession, and the verniers be read for each position, the angle 
between the two positions is double that of the prism itself. 

If the edge of the prism be npt sharp, the following method 
may be used. The telescope is clamped in any position less 
than 180 0 with the collimator, and the prism-table turned until 
an image of the slit is seen reflected from one* face. The 
verniers indicating the position of the table are thereupon 
noted. The prism-table is then turned until the image is seen 
reflected from the other face, when the verniers are again 
read. 

The direction of the table’s rotation is such that the two 
sides containing the angle reflect in succession. 

In this case the angle turned through by the table equals 
180° minus 'the angle between the faces. 

Let $ be the angle of the prism. 

Then* as shown ,above — 


sin 1(8 + 6 ) 

sin ~ 

2 
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The light, which should be placed as near to the collimator 
slit as possible without heating the instrument, must be mono- 
chromatic, as otherwise tlfe width of the slit is drawn out by 
the prism into a spectrum band. 

On this account a sodium flame is generally used. A 
simple Bunsen burner, with a piece of platinum foil, or even 
iron wire, carrying a quantity of sodium carbonate, in its flame, 
is fairly satisfactory. It should be protected from draughts by 
a chimney, as otherwise the flickering is very objectionable. It 
is desirable to have a brighter light which may be switched 
on for reading the verniers near at hand. 

(( d) The index of refraction of a body, even when opaque, 
may be determined by finding its polarizing angle. For, as 
discovered by Brewster, the tangent of this angle is numeri- 
cally equal to the refractive index. The details of this method 
are dealt with in Art. 170. 

\<) If the solid be transparent and in the form of a plate, 
its index of refraction may be found by means of a micro- 



scope. For this purpose a pointer should be rigidly attached 
in a horizontal position to the sliding-tube carrying the lenses, 
and a finely graduated scale fixed parallel to the axis of the 
instrument. Jhis pointer will indicate the distances the tube 
is screwed up or down. 

The tube of the microscope should be turned to a vertical 
position, and a piece of card having two intersecting lines 
ruled upon it placed upon its stage. * 

The microscope is adjusted until the point oflntersection 
of the lines is in focus, and the reading of the pointer noted. 
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The slab of the substance is now placed over the card, the 
instrument again focussed, and the scale reading noted. 

Let the difference of these readings be d . 

The thickness of the plate is now found by a micrometer 
gauge, or by focussing the microscope on a mark on its upper 
surface and reading the scale, in which case the difference 
between this and the first reading is its thickness. 

Let this be D. 


Then D = /x(D — d) 


154. 

To determine the Index of Refraction of a Liquid.— (a) 

The simplest method of determination is to employ a hollow 
glass prism and proceed as in method ( c ) of the last article. If 
the sides of the prism be of uniform thickness, the whole 
deviation is due to the liquid inside. 

(b) The refractive index may also be found by observing 
the polarizing angle as explained in Art. 170. 

(c) In applying the microscope method, a mark should be 
made upon the bottom of a vessel, and about a ‘centimetre's 
depth of the liquid poured in. The microscope is focussed 
firstly upon the mark/at the bottom, and then upon some light 
powder floating on the surface of the liquid. 

, Let the difference between the observed scale readings for 
these two positions be d x . 

Then, if d be the actual depth of the liquid — 



A further* quantity of liquid is poured into the vessel, 
increasing i&deptfi by son** amount D. 

7'he previous observations are now repeated* and the 
difference of the scale readings noted. 
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Let this be d t . 

Then 4 = — ' t -5 

H- 

Therefore d . 2 — dj = 12 

D 

Results should be stated thus : 

(1) Focus on bottom mark/ Scale reading = 

(2) „ surface „ „ = 

(3) „ bottom mark after adding liquid. Scale 
reading = 

(4) Focus on surface mark after adding liquid. Scale 

reading = 


d x = (2) minus (i) = 
di - ( 4 ) minus (3) = 

D = (4) minus (2) = 

fi = 

(i d ) Since the critical angle when light passes from a 
medium of refractive index fi into air satisfies the equation — 

sin i = I 

it is possible to determine /* by finding the critical angle. 

The most convenient apparatus for this purpose is a box 
with parallel glass windows in two opposite sides Attached 
to a vertical axis in the centre of the box are a pair of thin 
glass plates cemented together round their edges, ami contain- 
ing a film of air between them. An index fixed to the axis 
indicates on a graduated circle above the box the angular 
position of the plates. 

The spectrometer being adjusted", »as explaii*ed in the last 
article, with a sodium flame behind the slit, the 1 telescope *is 
turned to view the latter directly. 
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The box, filled with the liquid, is placed on the table, the 
plates turned round so that the slit is seen through the windows, 
and the position of the box adjusted until the slit is seen in its 
original position. 

The plates are now placed so that their plane is perpen- 
dicular to the axis of the telescope. By turning them in either 
direction a position is found at which the light is extinguished 
owing to total reflection. The angle between these two 
positions of extinction is double the critical angle ; and hence 
fx may be calculated by the above expression. 


155 . 


To determine the Focal Length of a Convex Lens.— The 

focal length of a lens is the distance between the point toward 
or from which parallel incident rays converge or diverge £fter 
passing through the lens and another point termed the prin- 
cipal point. This last point when the lens is thin is generally 
assumed to be at the centre of its thickness. 

The following methods may be employed to find this 
length when the lens is convex : — 

(a) A paper screen is fixed in one stand of an optical 
bench, and the lens in another in front of it. yhe lens and 
screen are turned toward a window through which some 
distant object is visible, and the distance between them varied 
until a distinct image is formed on the screen. It is necessary 
to prevent the screen from receiving more general light than 
possible. The distance between the centre of the lens and 
the screen, which is veiy approximately the focal length, may 
now be measured or observed from the bench graduations. 

If the distinctness of the image does not perceptibly vary 
for small displacements of the lens, the two limiting positions 
of distinctness should be noted, and the mean value taken as 


the focal length. 

(fy A ^mpdg placed at one end of the bench, and upon 
thiee stands are placed cross-wires, the lens, apd a paper 
screen. the cross- wires conveniently consist of a * card with 
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a circular hole having two threads stretched across it. This is 
placed between the lamp and the lens, the screen being behind 
the latter. The centres cff the flame, cross-wires, and lens being 
adjusted in one horizontal line, the cross- wires and screen are 
separated to a distance greater than four times the focal length. 

The lens is now moved until a distinct image of the cross- 
wires is formed on the screen, and its distances from the cross- 
wires and screen noted. The sum of the reciprocals of these 
distances is equal to the reciprocal of the focal length. Obser- 
vations should be made with the cross-wires and screen at 
different distances apart, and the mean value of the focal 
length found. 

(< c ) The apparatus of method (b) being employed, and the 
distance between the cross-wires and screen being greater than 
four times the focal length, two positions exist, in either of 
which the lens gives a distinct image. 

These two positions are found, and by diminishing the 
distance between the screen and cross-wires are made to 
approach and coincide. 

In this condition the focal length is one-fourth of the 
distance between the cross-wires and screen. 

The observation may be made with greater accuracy if a lens 
focussed upon a needle-point be used in place of the screen. 

When the image of the cross-wires coincides in position 
with the needle-point, both are seen through this lens without 
parallax. 

As no measurements from the surfaces of the lens are 
necessary, this method is particularly applicable in the case of 
those that are thick, and of combinations. 

In accurate work, however, it is better to find the principal 
points and focal lengths by the focometer. 

156 . 

To determine the Focal Length of a Codcave Lens. 
Owing to the image given by a coheave lens being virtual, the 
Methods applied in the case of convex lenses are not available 
without an auxiliary convex lens of less focal length. 

s 
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(a) If the concave lens be placed close up to a convex one 
having a focal length less than its own, the combination may 
be regarded as a convex lens, and ite focal length found as 
such. 

If F be the focal length of the concave lens,/, that of the 
combination, and /> that of the convex lens— 



F = 

fi-A 


(6) The focal length of a concave lens may be determined 
approximately by cutting two narrow parallel slits in a sheet of 
paper, and placing it close up to the lens. 



If parallel rays pass through these slits, they diverge after 
passing through the lens, and their image may be received 
upon a darkjnecJ screen. 

£et di b® the distance apart of the slits in the paper, d t the 
distance ap&rt of their images. As the images are blurred, 
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these distances should be measured to the centres of width. 
Let L be the distance between lens and screen, F the focal 
length of the lens. 

Then, by similar triangles — 

F_ dy_ 

* L d 2 — di 


or— 



157 . 

To determine the Positions of the Primary and Secondary 
Focal Lines for Light obliquely Incident upon a Mirror or 
Lens. — Light diverging from a point and passing obliquely- 
through a lens is thereby caused to converge, not to a single 
point, but to two lines lying in perpendicular planes and at 
different distances from the lens. A similar effect is, under 
the same circumstances, produced in the rays reflected from a 
mirror. 

The lens or mirror should be carried on a turn-table fitted 
to one upright of an optical bench, the turn-table itself having 
a graduated circle whereby the angle between the axis of the 
lens or mirror and that of the bench may be measured. 

If illuminated cross-wires be employed as the object, a 
distinct image of the vertical wire appears at one position of 
the screen, and that of the horizontal wire at another. These 
positions are those of the primary and secondary focal lines 
respectively. 

The object being placed at some fixed distance from the 
lens or mirror, the axis of the lens is made to coincide with 
that of the bench, and the position of the foca 1 . lines, which 
now coincide, is found The lens^ or mirror is now turned 
through some small angle, and the positions £gai« noted. The 
same observations are repeated for as many angles «s possible 
between o° and 90°, 
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The distance between the object and the lens, or mirror 
should now be altered considerably, and the whole of the 
previous observations repeated. 

Denoting by D the distance between the cross-wires and 
the centre of the lens or mirror, by d l9 d 2 that between the 
lens and the primary and secondary focal lines respectively, 
the observations should be tabulated thus : 


Angle. D. d\. d 2 * 


The positions should be plotted by drawing a straight line 
to denote the axis of the lens or mirror, and through a point 
upon it drawing a number of other straight lines, making angles 
with the first equal to those the axis made in the actual 
observations. This angle is marked upon each line, and the 
lengths d h d 2 are set off from the common point of intersection. 
From the same point the lengths D are set off in the reverse 
direction. Curves are now drawn through the primary and 
secondary loci corresponding to a particular value D, and also 
through the points indicating the latter. Each set of curves 
thus consists of three, and the different sets should be drawn 
with lines of distinctive character. The lengths may, of course, 
be set off to any convenient scale. 

In the case of a concave lens no real images are obtainable 
by the method described above ; and it is necessary to employ 
an auxiliary convex lens of sufficiently short focal length to 
form a converging combination. This should be placed with 
its axis parallel to that of the bench between the object and 
the concave* lens. The latter being temporarily removed, the 
convex lens is adjusted until a real image is given, and the 
position of the screen is noted. The concave lens is placed 
between the^creen and the convex lens, its distance from the 
screen giving the yalue of B. 

£n the Aanner described above the positions of the focal 
lines for various obliquities and values of D are now found. 
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158. 

To determine ttte Focal Lengths of the Components of 
an Achromatic Lens of Focal Length F, by Observations on 
Prisms of the Glass used for the Components.— Except in a 
few anomalous cases, when mixed light is transmitted through 
a prism, the rays of short wave-length are more greatly deviated 
than those of longer wave-length. The angle between the 
directions of the extreme red and violet rays is the “ dispersion ” 
of the prism, and when the latter is in the position of minimum 
deviation, the ratio of the dispersion to the mean deviation is 
termed its “ dispersive power.” 

If D denote the dispersive power — 


D = 



• . $ • (i.) 


The dispersion and dispersive power may be determined on 
the spectrometer, as explained in Art. 153 (< c ). 

Now, if A denote the radius of a circular lens’s circumference, 
/ its focal length, and D the dispersive power of its material, the 


dispersion of the lens is equal to -^.D. The distance between 

the foci for parallel rays of violet and red light is termed the 
“ chromatic aberration.” 

From the above expression for the dispersion of a lens, it is 
apparent that, being of equal aperture, a convex and concave 
lens will together compensate each other’s dispersion if their 
dispersive powers are proportional to their focal lengths. 

Thus, in an achromatic combination, if D and / refer to 
the convex, D' and /' to the concave lens — 


p = D' 

f f 


■ • (ii.) 


also, if together they are equivalent jo a lens o{. focal length F— 


1 1 _ j 

77 f 


. . (in.) 
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Hence, from (ii.) and (Hi.) — 


/= F 


D' — D 

i y 


and f = F 


I Y - D 
*D 


In practice the compensation is not made for the extreme 
limits of the visible spectrum, viz. the* red and violet, but for 
two wave lengths in the most luminous parts, one in the yellow- 
orange and the other in the bluish-green. The refractive indices 
corresponding to these are observed, and used in the numerator 
of(i.). 


159 . 

To determine the Magnifying Power of a Lens or Com- 
bination of Lenses.— The magnifying power of an optical 
instrument is the ratio of the angle subtended at the eye by 
the image to that subtended by the object. 

The image, and the object also when adjustable in position, 
is supposed to be at the distance of most distinct vision — 
usually about io inches away from the eye. 

In the case of a telescope viewing objects at a distance, so 
that the rays incident on the object-glass arc nearly parallel, 
the angles subtended are small, and may be considered as 
proportional to their tangents. The magnifying power is then 
equal to the ratio of the focal length of the object-glass to that 
of the eye-piece, and may be calculated from measurements of 
these lengths. 

The more direct method of determination is to fix a 
scale vertically at as great a distance as convenient from the 
telescope, provided that its divisions are visible to the naked 
eye from the latter position, and to focus the telescope upon 
it. The focus is adjusted until, when viewing the scale directly 
with one eye .and through the telescope with the other, no 
relative motipm occurs between the two images on moving the 
eyes from si^lo topside. In this condition the scale and its 
image are at the same distance from the eyes, the latter, of 
course, inverted. 
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The number of divisions of the scale, m, which coincide in 
length with some number, «, of the image is then noted, and 

hence the magnifying power — found. 

It 

In the case of a lens or microscope the same method is 
applied, but a finely divided scale is focussed under the instru- 
ment, and another is 'placed in a parallel position at the 
distance of distinct vision. The focus is then adjusted until 
the object directly viewed and the image seen through the 
instrument are at the same distance from the eyes. The 
comparison of their graduations is then made. 

With a highly magnifying instrument it is often inconvenient 
to have the scale which is directly viewed as finely divided as 
the other. 

If one of its divisions equals k divisions of the finely 
divided scale, and m of its divisions equal n of the image, 

the magnifying power is — . 

ti 

The magnifying power of a lens may be calculated from Its 
focal length. For let an object of length l be placed in the 
position for distinct vision at a distance d from the eye. The 
angle subtended is tiien, taking tangents as measuring angles, 

equal toj. 

When the object is viewed through the lens of focal length 
/, and properly focussed, the image is at the distance d from 
the eye; and if the image be of length L, the angle subtended 


jj ow L ■«£ dista nce of i mage from lens _ i 
’ 7 distance of object from lens • » 

and if the eye be placed close up to the lens when focussing- 


1-1 = i. 

d f 


i = £ + I 

u f d 
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therefore L = Id ^ ~ ^ 

The angle subtended by L = -f- ~ ^ 

and the magnifying power is — 



d 


This method of calculation is, however, less accurate than 
that of direct comparison explained above. 


160 . 


To determine the Focal Length and Principal Points of a 
Lens or Combination of Lenses.— In the case of thin lenses, it 
is commonly assumed that the deviation of the rays occurs at 
the centre of their thickness. This assumption, however, is 
never exactly true, and in the case of thick lenses is inapplicable. 

The focal length is consequently not the distance between 
the focus of parallel rays and the face of the lens dV its centre 
of thickness, but that between the focal point and a certain 
point on the axis, termed the “principal” or “nodal” point, 
which may be between, on, or outside the faces, according to 
tlit nature of the lens. 

As these points are discussed in but few text-books, a short 
account is here given. 

It is generally shown that when parallel Trays are refracted 
directly through a single surface separating a medium of 
refractive index equal to unity from one having a refractive 
index p, the connection between R, the radius of the surface, 
and F, the focal length, is expressed by the equation— 


1 /* — 1 1 

F /4~R’ 


or F « 


fj L 

M - * 


i 
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and that between u and v % the distances of the object and 
image respectively from the surface, by — 

l _ P = 
u v R 

also that if L and L' be^he lengths of object and image, then — 

L 

u v 

the proper sign being given in each case to the lengths. 

Proceeding now to the consideration of a thick lens, let the 



thickness measured along the axis from face to face be d t and 
the radii of the faces themselves be R and R\ 

Then the focal length F of the surface of radius R 

« ^ , and that F / of the other = — . 

/x - X (I - I 

F = J**L, and F' = J&L (i.) 

p-t' m - i 
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The principal, or nodal, points, sometimes termed the 
optical centres, of a lens are two points on its axis such that 
a ray of light directed before incidence toward one of them 
passes after emergence in a parallel direction through the 
other. 

The position of these may be calculated when the radii, 
thickness, and refractive index of the fens are known. For let 
OP, OF be parallel radii ; then OPC, OT'C are similar triangles, 
OC R 

O'C = R'* an< * ^ ls a ^ lxe ^ P°* nt l )ro P er ty termed the centre of 

the lens. If S and S' be conjugate foci, with respecf to the 
two faces, of the point C, they are also by the above definition 
the principal points. For an incident pencil converging toward 
S is brought to a focus at C, and emerges from the other face 
diverging from S', and having its axis parallel to its original 
direction. 


Now, 00' » R + R' - d 

a,c,cfo re oc = gi/K + R' - i) = r - jSfL, 

* p _ Rd . _ RV ... . 

c R + R?’ /C R + R' 


Let now AS, AS' be the distances, measured inwards, from 
the faces to the principal points. Then, since C and S, C and 
S', are conjugate foci — 


AC 


i 

AS 



«/»- * 
A'S R' 


and, substituting from (ii.)- 
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Hence, considering distances measured inwards toward the 
substance of the lens as positive — 


AS = 


Rd 


A'S' « r 


/x(R + R') - (yx - i)d 
R 9 d 


?(R + R f )-(ix-i)d 


. . . (iii.) 


The planes perpendicular to the axis through the principal 
points are the principal planes, and the points in which one 
is crossed by the direction of the incident, and the other by 
that of the emergent ray, are equidistant frorp the axis. For 
if an object be placed in front of the lens, two images are 
formed by refraction at the successive faces. Consider the 
case when object and image are of equal magnitude, and let 
u and // be the distances of the object and the first image 
from the front face, 7/ and v the distances of the first and final, 
images from the back face. 


Then I + £ 
u u 



and - + ~ = - 

V V 



(iv.) 


Let L„ and L 2 be the linear magnitudes of the object, 
the first, and final images. 

Then h m — r- = h = -t 

u u v v Lj uv 

If the first image be conceived as existing at all points 
along the axis between the principal planes at S and S' — 


U AS R 
1/ A'S’ R 

but «_Ji' = from (iv.) 


, from (iii.) 


v v 


■R' 


Hence ^ = p, and consequently L* =* L* 
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Thus between the principal planes the rays may be regarded 
as travelling parallel to the axis, and the distance between an 
object and image of the same size iS greater than four times 
the focal length of the lens by an amount equal to the distance 
between the principal points. The focal length of the lens is 
therefore the same, in whichever direction the light passes 
through it, when measured from thfc principal point of the 
back face. 

The positions of the principal points, and the focal length 
as thus defined, may be determined from these relations by a 
method due to Professor S. P. Thompson. 

When convex, the lens is mounted on the middle upright 
of an optical bench, and parallel rays from a collimator are 
allowed to fall on each side in succession, the positions of the 
focal points on each side being observed. Similar glass scales 
are placed at each focal point, and drawn hack from them by 
equal amounts, so that the distance between each scale amf its 
focal point is the same, until the image of one scale coincides 
exactly in magnitude with the other. The distance between 
scale and focal point is then on each side equal to the focal 
length of the lens, and by measuring this distance back from 
each focal point toward the lens, the positions of the principal 
points may be marked upon its edge or mounting. 

In the case of a concave lens the employment of two 
auxiliary convex lenses of less focal length is necessary. 

Parallel rays from the collimator passing through the 
concave and a convex lens in succession are brought to a 
real focus by the latter; and the position of this point being 
observed, the position of that from which they diverged when 
incident upon the convex lens may be calculated. This last 
is the focal point of the concave lens for rays passing through 
in the one direction, and the position corresponding to it is 
rioted on the optical bench. The concave lens remaining 
unmoved, the collimator and lens are interchanged, and the 
position of the other focal point is similarly found and noted on 
the bench. The point midway between these two focal points 
is also midway between the two principal points, and chould be 
marked temporarily upon the edge of the lens or its mounting. 
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Let the two convex lenses be placed before and behind 
the concave lens at distances from the midway mark slightly 
less than twice their focal lengths; and at distances exactly 
twice the focal length? in front of one and behind the other, 
let glass scales be placed. Then, the distance between each 
lens and its scale being unaltered, let each lens and scale be 
drawn away from the coifcave lens by equal amounts until the 
image of one scale coincides exactly in magnitude with the 
other. The distance apart, D, of the two convex lenses is now 
observed. 

Removing the concave lens, the two convex lenses and 
scales are brought nearer together until the same conditions as 



to the object and image again exist. Let the distance the 
lenses are apart now be I)\ 

Then the principal points of the concave lens are at 
I) -1)' 

distances — -- — on cither side of the previously found midway 

point. These should be marked upon the edge of the lens or 
its mounting. 

Combinations oflenses in fixed relative positions have two 
equivalent principal points, which may be found exactly as in 
the case of a simple lens. 


161 . 

To obtain a Pure Spectrum by Means of a Slit, Lens, 
and Prism.— A narrow slit is cut out in a sheet of card or stiff 
paper, and theiight from a lamp^al^ A 

convex lenS and a screen are them adjusted # to give a distinct 
image o£ the slit. The prism is placed betweeft <he lens, and 
screen with its refracting edge parallel to the length of the slit, 
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and at such a distance from the lens that it intercepts the entire 
beam of light. 

The screen is now moved round 4he prism until it receives 
the spectrum, and the position of minimum deviation obtained 
by turning both prism and screen until the position of the 
coloured images approaches as nearly as is possible that of 
the previous uncoloured one. 


162. 

To map and compare Spectra.— The spectroscope is an 
instrument essentially identical with the spectrometer described 
in Art. 153 (c), and is put into adjustment as there explained. 

In order to produce a greater dispersion, however, a train 
of prisms is often used instead of but one, and then the position 
of minimum deviation is secured by placing a single prism *on 
the table and turning it into this position, then adding the 
second and making the same adjustment for it, and proceeding 
similarly for each until the train is complete. 

In most cases the ends of the prisms are ground square, so 
that when standing on the table their edge is perpendicular 
to it, but in others they have levelling-screws attached. 

When this is the case, the telescope should bq turned to 
look directly into the collimator tube, and a fine thread 
stretched across the slit in such a position as to have its image 
coincident with the horizontal cross-wire. 

The levelling-screws are adjusted until the image after 
redaction through the prism still retains this position. This 
adjustment is, of course, made for each prism as added. 

For all these preliminary operations a sodium flame may 
conveniently used. Other substances giving definite lines 
of known wave-lengths arc now placed on platinum foil in the 
Bunsen burner, and the readings of the verniers noted when 
the lines coincide with the vertical cross-wire, 

The wave-lengths of these lines may be found from tables, 
and Jience Curve plotted with deviations as abscissae and 
wave-length^ as ordinates. From this curve the wave-length 
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of any line may by inferred by observing the corresponding 
deviation. 

Results should be tabulated thus : 


Wave-length. Vernier readings. Mean vernier reading. Deviation. 


The, deviation is the difference between the mean vernier 
reading and the mean reading when the slit is viewed directly. 
This last may be noted before the prisms are put in position, 
or at the close of the observations. 

The map of a spectrum is a straight line along which lengths 
are taken to represent vernier readings, and along which short 
pei^pendicular lines are drawn in the positions of the observed 
spectrum lines. 

To obtain the spectrum a spectrum tube may be used; 
electric sparks may be passed between electrodes of the 
substance, or its salts may be placed in a Bunsen flame. 

The last two methods have the disadvantage that air and 
other lines are introduced, and when applicable the spectrum 
tube is by far the most satisfactory. It is connected to the 
secondary terminals of an induction coil, with its narrow 
porUon^araJid . to _ the length .of the sUt and as near as 
possible to it. 

^ When electric sparks passing between electrodes of the 
substance are employed, the electrodes should be vertically 
opposite and as near as possible to the slit, provided that 
sparks do not jump across to the tube. 

The electrodes are connected to the secondly terminals 
of an induction coil, and the intensity of the light may be 
increased by putting the terminals in connectio n with the inner 
and outer coats respectively of a Leyden jar. 

When it is dosirable to Compaq two sptytra, one source 
of light is placed, as mentioned above, direcfly Uehind the.slit, 
and the other at the side, in such a position that tts.rays are 
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sent down the collimator tube by the totally reflecting prism 
covering one half of the slit. 

The spectrum then consists of an,iippcr and lower portion 
contributed by the two substances respectively. Lines con 
tinuous vertically through both parts indicate some constituent 
common to both substances, but when flames or sparks are 
used, they may, if faint, be air-lines. • 


163 . 

To determine the Wave-length of Light from a Given 
Source by Means of Interference Bands produced by a Biprism. 

— If a point receive light from two similar sources, emitting 
waves which are always alike in nature and phase, its intensity 
of illumination is a maximum when the waves are in phase 
on arriving there, and is zero when their phase differs 
by i8o°. 

The former condition obtains when the difference of the 
distances between the sources and the point is any whole 
number of wave-lengths ; the latter when it is an odd number 
of half wave-lengths. 

Let the case of two parallel planes be considered, the 
illumination at any point of the one being due to two parallel 
luminous slits in the other. If a denote the distance apart of 
the planes ; c the distance between the centres of the two slits ; 
x any distance on the other plane, measured at right angles to 
the length of the slits, from the perpendicular let fall on it 
frofci midway between them ; X the wave-length ; and n any 
whole number; then when — 

a X 
x = ~ n~ 

C 2 

it may be proved that the intensity at x is a maximum or zero, 
according as *ris an even or an odd number. 

Consequently, the distance from centre to centre of two 

bright band/ is and if this be observed, X may be found. 
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For, calling the distance w — 

a 

In practice it is impossible to obtain two real sources satis- 
fying the above conditions, but two virtual sources may be 
produced by allowing tlte light from a single narrow slit to fall 
upon a prism, having its angle nearly 180°. Each half of such 
a “ Fresnel’s ” prism then deviates the rays in an opposite 
direction to the other, so that they diverge from two very near 
parallel lines. 

Let d be the distance between the prism and the slit ; then 
very approximately — 

c = 2 d(fi — i)<? 

if e be the refracting angle of the prism, which, of course, 
*' n obtuse angle 

= 90 — — , and fx be the refractive index. 

The obtuse angle and fi may be found by means of the 
spectrometer. Otherwise c may be determined by a method 
explained below. 

To determine A by this method, one standard of an optical 
bench is fitted with a slit, behind which the source of light is 
placed, the centre standard carries the biprism, and the third 
is fitted with a Ramsden eye-piece and cross-wires so mounted 
that it can be screwed along horizontally, and its position 
indicated by a scale and graduated screw-head. 

The eye-piece is firstly focussed upon the cross-wires, ^me 
of which is turned so as to be vertical. It is next placed so 
that its axis is in line with the length of the bench, and at the 
same height above the latter as the middle of the slit, which is 
also turned so as to*bc vertical. 

The slit and cross-wire may be adjusted to exact parallelism 
by placing a convex lens of suitable focal lengtl^between them 
(focal length less than one-fourth their distance apart), and 
illuminating the slit. A real image of the Utttqrjmay then be 
obtained#in the same plane as the wire, and the wires and slit 
adjusted to coincidence. 
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The biprism is now placed in the central standard with its 
plane face perpendicular to the bench’s length, and the eye-piece 
placed half a metre or less from the slit. 

The biprism is adjusted longitudinally, laterally, and verti- 
cally, until the bands are seen. It is then turned round a 
horizontal axis until its edges are parallel with the slit and wire, 
and the bands attain their greatest distinctness. 

The cross-wire is screwed until it is over the centre of a 
band on one side of the field and the micrometer reading 
noted. Screwing it toward the other side of the field, the 
readings at the centres of the second, third, and fourth bands 
are observed, after which it is moved over to nearly the other 
side of the field, say to the «th band, and the readings at the 
;/th, (n + i)th, (n + 2)d, (n + 3)d, bands noted. 

Results should be tabulated thus : 


Band. 

j Reading. 

* 

j Band. 

j . I 

[ Rending. | 

f 1 

| Difference of readings. 

| 

ist 

and 

3rd 

41b 


wth 
n + x 
h + i 
* + 3 





k= ai, = 

a 


The difference of readings for bands in the same horizontal 
line of the table is the width of n — i bands, and the mean 
value of w as tabulated from these should be taken for the 
calculation of A. 

The width the virtual images of the slit arc apart, denoted 
by c y may be determined by drawing the eye-piece away from 
the prism and placing a convex lens between them. The lens 
will then, in general, give an image of the *slits in the plane of 
the cross-wires when it is in either of two positions. If the 
distances from centre to centre of slits be measured by the 
micrometer for the image jjiven in each position of the lens, 
and these b^/* and /*— 

Then <r « 
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The distance, a , between the cross-wires and slit cannot be 
found directly from the bench readings, as the plane of the 
cross-wires is not that of the stand vernier. If, however, a rod 
of known length be placed with one end in contact with the 
slit and the other in the focal plane of the eye-piece, the 
difference, 6, between its length and the bench reading may 
be noted. 

The bench reading, when the bands are focussed, between 
the eye-piece and slit uprights, diminished by is then the 
length a. 


164 . 

To determine the Wave-length of Light from a Given 
Source by Means of a Diffraction Grating.— If parallel rays 
of light pass through two or more similar apertures, the total 
resultant intensity in any direction is a maximum or mini- 
mum according as the vibrations from similar parts of the 



apertures are in the same or opposite phase, *>. according 
as the difference of path for rays form similar parts of the 
apertures is an even or odd numWer of ha|f<wavc-lengths. If 
D be th$ distance from centre to centre of apeAtfre, and 4 the 
angle between the original direction and that of diffraction, 
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the difference of path is D sin 0 . Hence, if the total illumina- 
tion be concentrated in a single small region by a lens, 
the intensity there is a maximum o\ minimum as D sin 6 

= 2-v-, or (2?i + i)-, and, starting from $ = o, the positions 
2 2 

of the successive bright regions are given by- 


sin 0 — o 


sin Oi = 


I) 


sin 0 , = 2 4 


1 ) 


* A A 

sin 0 „ = ■ 

Observing n and I) being known, the wave-length X is 
therefore given by — - 

^ _ D sin 0 M 


In practice the apertures consist of the spaces between a 
number of closely ruled parallel lines on a glass plate. The 
lines are cither scratched by a diamond or produced by 
photography, and may be as many as 40,000 to the inch, 
though a less number is commonly employed. The lines 
should be equally spaced throughout the length of the 
grating, as otherwise the value of 6 n varies according to the 
park of the grating in use. Accuracy in this respect maybe 
tested by cutting a slit in paper and placing it in front of 
the grating. As this is passed across the ruled surface, the 
position of the image in the field of the telescope should not 
vary. 

Reflexion gratings ruled on metal are also employed, but 
less frequently Jlhan those of glass. 

The number of lines in a grating is frequently given per 
Paris inch; th$ ldHer equals 2702 cms. approximately. 

7 he collimator and telescope of a spectrometer are 
adjusted for parallel rays (Art. 153 fc)),and the grating secured 
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U y soft wax on the table. If the table be provided with 
levelling-screws, the plane of the grating should pass through 
one of these, and midway between the other two. 

The plane is theh adjusted till it is perpendicular to the 
parallel rays, the adjustment about a horizontal axis being 
made as explained in Art. 162, that about the vertical by turn- 
ing grating and telescope until a reflected image is seen, the 
grating being then turned back through half the angle between 
collimator and telescope. When the table is fixed, or without 
a vernier, this last adjustment may with sufficient accuracy be 
made by estimation. 

The telescope is now turned to view some image of the 
slit, and the table-screw through which the plane of the grating 
passes adjusted until the maximum distinctness is obtained, 
in which case the lines are parallel to the slit. 

The direct reading has been taken before the erection of 
the grating, and the positions of the first, second, etc., images, 
are now noted on each side of the direct line. Half the 
angle between corresponding images on the right and left 
should be taken as the value of 6 for that image. 

Results should be tabulated thus : 


Image. 

| Right reading. 

Left reading. 

9 . 








and the mean value of A finally taken. 

In the absence of a spectrometer, and even of an ordinary 
grating, the following method may be employed : — 

A plate of thin glass is smoked over ignited turpentine 
until an even deposit, sufficiently thick to rendter it opaque, 
is obtained, and two nearly parallel but slightly converging 
lines are ruled with a needle upon the siyoked surface. 
Between these a transverse line, approximately perpendicular 
to them, is drawn. This plate is placed iA ^vertical plane 
before a#sodium flame, and the light passing through the^lear 
lines is allowed to fall upon a grating or a piece of fine wire 
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gauze in a parallel plane, where it is diffracted. The diffracted 
light is then received in a telescope adjusted for parallel rays. 
The distance between the grating a/id the smoked glass is 
adjusted until the first bands produced by 
the lines intersect each other across the 
transverse line. Now, if D denote the 
distance between* the smoked glass and 
the grating, d the distance from centre to 
centre of grating spaces, / the length of 
the transverse line, the 6 angle of diffrac- 
tion, the phase difference of light from 
successive grating apertures is — 

d sin 0 = til 
2D 

assuming that the sign and tangent of 6 
are equal, and at the first bright band — 

dl 



2D 


= one wave-length 


The measurements of l and d are finally made with a 
reading microscope, or the former may be found by a finely 
divided scale, and the latter by counting the number of lines 
in a measured length. 


165 . 

r i'o determine the Wave-length of Monochromatic Light 
by Means of Newton’s Rings. — Newton’s rings may be pro- 
duced by placing a plano-convex lens of considerable focal 
length upon t plane-glass surface, the lens resting upon the 
centre of its convex face. If the surfaces are clean, the rings 
may then be seen, either by reflection or transmission, encircling 
the point of contact. 

For the detetpiination ' of wave-lengths, the- radius R of 
the curved face is found either optically or by the..sphero- 
meter, and the tens and plate are placed beneath a reading 
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microscope. Between the lens and microscope is placed a 
plate of thin glass at an angle of 45 0 . Parallel rays from 
a collimator are thrown»horizontally upon this plate, and are 
thereby reflected doton upon the lens, from which they are 
reflected again vertically through the glass plate into the 
microscope. The latter being adjusted in position and focus, 
the diameters of as many dark rings as possible should be 



measured by adjusting the cross-wire upon the centre of the 
ring’s width, reading the nlicroscope scale, then similarly 
adjusting on the other side of the ring and again reading. 

The correctness of the readings should be tested, and 
greater accuracy obtained, by setting out a number of equal 
lengths as abscissae, and raising ordinates equal to the sqhares 
of the measured diameters of the successive rings. The straight 
line drawn through the mean positions of the points will then 
give more exact values of the squares of the diameters than 
those obtained from the direct measurements. Let D, 2 , D„ 2 , Dj 2 , 
etc., denote these squares for the first, second, third, etc., 
successive rings. Then it may be shown that- 


Wave-length = 


IV _ 

8R 16R 


D -’ = «'=«c. 


24R 
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It is advantageous in employing this method to blacken tt^ 
underside of the plate upon which the lens is placed. 

Kings by transmitted light may conveniently be obtained 
by placing the plano-convex lens horizontally upon one face of 
‘a totally reflecting prism, and allowing parallel rays from the 
collimator to pass horizontally in at the vertical face of the 
prism, so that they are totally refloated vertically upwards 
through the lens into the microscope, lhe diameters of the 
rings are found and corrected as in the previous case, but the 
relation between the diameters and the wave-length is now - 


Wave-length 


4 k 12R 20 R 


The rings given by transmitted light, though sufficiently 
distinct for measurement, are fainter than those produced by 
reflected light. 


166 . 

To compare the Illuminating Powers of Two Sources of 
Light by Bunsen’s Photometer. — This photometer consists 
essentially of a vertical sheet of paper, one part of which is 
greased, rendering it semi-transparent. Behind this, in a 
perpendicular vertical plane, should be a plane mirror, so that 
each side of the greased paper may be simultaneously visible. 
This"portion of the apparatus is usually fitted to a stand which 
siides along a graduated photometer bench, the plane of the 
paper being at right angles to the bench’s length. 

The two ^purees of light to be compared are placed on 
suitable stands at the ends of the bench, one at each end, and 
vertically on a level with the greased paper. 

The position* of the latter is then adjusted until the greased 
portion, as seen ii^ the mirnor, is neither brighter nor darker 
than fhe other *part of the paper, and its distances from the 
sources is nofed. 
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Let Ij and I a denote the intensity of the sources and, d l and 
be the distances of the greased paper from them. Then— 



This expression refets to the intensity in the direction of 
the paper. Where it varies in different directions, the source 
should be rotated about a vertical axis, and comparisons made 
for various positions. It is generally impracticable to make 
determinations for the various directions in a vertical plane. 

To express the intensity in candle power, one of the 
sources must be a standard sperm candle burning 120 grains 
per hour. 

This method is only applicable in cases where both sources 
emit light of approximately the same colour. 

•As exposure to strong light incapacitates the eye for 
estimating equalities of intensity, all such should be avoided 
before and during the comparisons. Movement of the grease- 
spot to and fro on either side of the balancing position enables 
the latter to be determined with greater accuracy. 


167. 

To determine the Reflective Power of a Surface.— The 
reflective power of a surface is the ratio of the intensity of the 
reflected to that of the incident light, when the rays are parallel 
and unpolarized. 

In general it varies with wave-length and with the angles 
of incidence and reflection. 

It is convenient to enclose the source of reflected light in a 
metal box furnished with a window, so that, except when on the 
optical bench and turned toward the greased screen, its rays 
shall not fall on the latter. This is balanced (Art. 166) at some 
distance D from the screen against & standard source of light, 
and thenjremoved from the bench. The reflecting surface is 
now placed somewhat near to the screen, and the enclosed 
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light on a line making some angle 0 with the axis of the bench. 
The light and the reflecting surface are adjusted until the 
reflected rays foil upon the greased Screen as before, and the 
distance between the two former is varied until balance is 
obtained again with the standard. 

Let the sum of the distances between light and surface, 
and surface and greased screen, be Then the reflecting 

power for light incident at an angle - 6 being measured 

toward the bench’s centre, is — 

eP 

D 1 

The distance between the standard light and greased screen 
must, of course, remain unchanged. 

The determination should be made for as many angles ( as 
possible between o° and 90°. 

Results should be tabulated thus : 


D. 

0. 

d. 

Reflective power. 






168 . 

"To compare the Intensities of Light by Romford’s Photo- 
meter. — This photometer consists of a vertical rod placed in 
front of a screen. The two sources of light to be compared are 
placed in such positions that the shadows of the rod cast on 
the screen by each come together, and one source is then 
brought nearer to, or removed from, the screen until each 
shadow is of equal darkness. This condition being attained, 
the intensities oh, the light# are proportional to the squares of 
theii distances from the screen. 

The screen should be adjusted perpendicular to a straight 
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line passing through the rod and bisecting the angle contained 
by lines joining the rod to the lights, and comparisons should 
be made with various distances between the sources and 
screen. 


169 . 

To determine the Coefficient of Absorption of a Substance 
for Light. — The coefficient of absorption is the fraction of the 
total light absorbed, or the logarithm of the ratio of the entrant 
to the emergent intensity, when light is transmitted through a 
plate of unit thickness. Denoting it by k y and letting I, I', I" 
indicate the incident, reflected, and transmitted intensities — 


or, since, if c denote the reflective power of the substance’s 
surface, I' = It — 


k 



V 

I(i - c) 


I 


The value of the coefficient varies with the wave-length. 

The source of transmitted light is allowed to radiate directly 
to the greased screen, and a balance obtained, at some distance 
D from the latter, with a standard light. The determination 
of the reflecting power should be made at the smallest 
possible angle of incidence by the method of the last article, 
and finally the plate of substance is placed perpendicularly to 
the bench’s axis between the source and screen. The distance 
D', between source of. light and screen, at whlth the trans- 
mitted balances the standard is then found. Since — 


r 

1 



k — log, 


D" 

D"(i-r> 
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If two plates of different thicknesses, l x and 4 but similar 
otherwise, be available, the error introduced by diffusion, and 
the determination of r, may be avoided. For if radiating 
directly to the screen, the source of light 'balances the standard 
when the distance between the screen and itself is D, with 
the thinner plate of thickness l x interposed at distance I)', 
and with the other *pl atc of thickitess 1% substituted at a 
distance D" — 


Then k = 



2 (log f 1)' - log, 1)' ; ) 
Wi 


The coefficient of transmission is the ratio of the intensity 
of the transmitted to that of the incident light for a plate of 
unit thickness. Its relation to the coefficient of absorption is 
expressed by the equation — 

Coefficient of transmission = (“* 


170 . 

To determine the Refractive Index of a Substance by 
Observation of the Polarizing Angle.— Ordinary light after 
reflection is more or less polarized in the plane of reflection. 
The angle of incidence at which this effect is a maximum is 
termed the polarizing angle, and is such that its tangent is 
numerically equal to the refractive index of the reflecting 
substance. 

The substance should be placed on the table of a spectro- 
meter with one of its plane faces vertical and passing across 
the centre oPihe table. 

An analyzing Nicol is fitted in the telescope, and turned 
until its principal plane is parallel to that of reflection. 

The table and telescope are turned until the reflected light 
is seen in thereto!. As the table is turned still further round, 
and' followed by the telescope, the angles of incidence and 
reflection diminish, the intensity of illumination falls off, and a 
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position of maximum extinction is reached, beyond which the 
illumination again increases. 

The angular distance between the collimator tube and the 
telescope when the maximum extinction occurs is evidently 
twice the polarizing angle. 

The general adjustments of collimator, telescope, etc., are 
as described in previouS articles. In fhe absence of a mark 
indicating the principal plane of the analyzer, it may be turned 
to its correct position by placing the table and telescope at 
such an angle that the illumination varies as the analyzer is 
rotated* round the axis of the telescope, and turning it to the 
position of least illumination. 

After making an observation with the light thrown to one 
side of the spectrometer, the table should be turned so as to 
throw it on the other side and the observation repeated, the 
mean of the two being afterwards taken. 

In the case of liquids, a microscope furnished with an 
analyzing Nicol is frequently employed, the liquid being placed 
on the stage, and the angle made by the tube with the vertical, 
i.e. the angle of reflection, indicated by a graduated sector. 
This apparatus is equivalent to a spectrometer in a vertical 
plane, and the method of procedure is as explained above. 

The angle of polarization and the refractive index of a 
substance \ary with the wave-length, so that it is necessary to 
employ a monochromatic source of light. 


171 . 

To determine the Molecular Rotatory Power of a Sub- 
stance in Solution. — When plane polarized light fs transmitted 
through solutions of certain organic substances, its plane of 
polarization is rotated through an angle, the # magnitude of 
which is dependent upon — 

(a) The nature of the substance. 

(/>) The concentration. 

(c) The length of the path traversed in the solution. 
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(d) The wave-length of the light 

(e) The temperature. 

In some substances the rotation viewed in the direction in 
which the light travels is right-handed or positive ; in others, it 
is left-handed or negative. 

The “molecular rotatory power" is the angle of rotation 
produced when the light passes through unit thickness of solu- 
tion containing the active substance in unit density, i.r, i gram 
of the substance per cubic centimetre of solution. 

Instruments for determining the amount of rotation, 
termed saccharimeters, are of various forms, the following 
being some of the more important : — 

Jd D It's . — The light is in this polari/cd by reflection or by 


b 



transmission through a Nicol. After passing through the solu- 
tion, it falls upon the analyzer, the special construction of which 
is the peculiar feature of the instrument. 

A rhomkpf Iceland spar, about 2 inches long, has its ends 
cut off square, and is divided into two parts by a plane at right 
angles to its ends, and making a small angle with their longer 
diagonal. Ode of these parts is inverted, and both are then 
cemented together. 

The ordinary ray then passes undeviated through the halves, 
]K)larized in planes perpendicular to oa and ob, while the 
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extraordinary rays are deviated to the sides, and in prisms of 
sufficient length do not emerge from the end face. Hence, when 
plane polarized light is incident, the component of vibration 
parallel to oa is transmitted by one half, and that parallel to ob 
by the other, so that the intensity of illumination of each half* 
is the same only when the incident light is polarized in the 
plane of division. The •rotating part, \Vfiich may be either the 
polarizer or analyzer, is therefore adjusted until this condition 
exists. The light employed with this instrument need not be 
monochromatic. 

Laments . — The polarized light before passing through the 
solution falls upon a plate one half of which is quartz or selenite 
cut parallel to the axis, of such thickness as to introduce a 
quarter wave-length phase difference between the ordinary and 
extraordinary rays. The other half of the plate is of glass. The 
light emerging from the halves of the plate is polarized in 
different planes, and when transmitted through a Nicol, illumi- 
nates the two halves of the field equally only when the principal 
plane of the Nicol bisects the angle between the planes of 
polarization. 

Owing to the quarter wave retardation this instrument can 
only be used with monochromatic light. 

The Biquartz , . — This simple piece of apparatus consists of 
a circular p*ate of quartz made up of two semicircular pieces 
cut at right angles to their axes. One of these rotates the light 
right-handedly, the other left-handedly, so that on emergence 
the light from them is polarized in different planes. When 
viewed through a Nicol, the halves of the field have the same 
tint only when the ^principal plane of the latter bisects the 
angle between the planes of polarization. When suitably cut, 
the biquartz then yields a neutral tint termed the “ tint of 
passage,” a small rotation in either direction turning one half 
red and the other blue, when white light is used. 

Wild's . — The light, which must be monochromatic, is in 
:his form caused to converge, after polarization, through a 
Savart’s polariscope. This cousins of twQ thin plates of 
ihiaxial jrystal superposed, with the principal seefions at light 
ingles. When viewed through an analyzer, the field is in 
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general crossed by interference bands, which vanish in tvo 
positions of the analyzer i8o° apart. Owing to the con- 
vergence, an eye-piece is necessary, ahd this is focussed so that 
the bands are clear and distinct. 

Poyntings . — Polarized light is transmitted through a cell of 
some rotating solution. Across one half of this cell is placed a 
glass plate, so that the light in one haif of the field traverses a 
greater thickness of liquid than that in the other. Hence, as in 
several of the previous forms, the planes of polarization in the 
halves of the field differ, and the halves only appear of the 
same intensity when the principal plane of the analyzer bisects 
the angle between those planes. 

Of course the liquid in the cell is quite distinct from that of 
which the rotation is to be measured, the latter being placed 
between the cell and the analyzing Nicol. Another less simple 
form of saccharimeter has also been proposed by Poynting. 

In all these instruments the rotation is measured by means 
of a graduated disc attached either to the polarizing or analyzing 
piece. 

As a source of light the straight filament of an electric 
lamp is satisfactory, and its rays may be monochromatized by 
transmission through a plate of potassium chromate. For 
monochromatic work, however, a sodium Bunsen flame is 
very commonly employed. 

The solution to be observed is contained in tubes furnished 
with screwed plane-glass ends, which are placed between the 
polarizer and analyzer. 

In making a determination, the tube is filled with pure 
solvent, the eye-piece focussed, and the graduated disc turned 
until the appearance proper to the particular instrument is 
obtained. Its position is then noted. Turning the disc 
through i8o°j it is again adjusted, and the reading observed. 

Let the mean of the first reading and the second (diminished 
by i8o°) be 0 lv 

In many cases the required appearance exists over a con- 
siderable angle, and in such the mean position between the 
liraife*shouVjf be taken as the correct one. 

A weight W of the active substance is dissolved, forming V 
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qjbic centimetres of solution, with part of which the tube is 
filled, and the previous observations are repeated. 

Let the reading now be 0 n . 

W 

Proceeding in this way with increasing values of y , the 

rotations are measured, and finally the length L inside the lube. 
Results should be tabulated thus : 


w ! 
V 


On, etc. 

L. 

0„ - 0i 

~ L ' 







A curve should be plotted with values of ^ , /.<?, the density 

Q __ Q 

of the active substance, as abscissas, and of - -- - as ordinates. 

From this the value of the ordinate when W = V may be 
found. 


172 . 

To determine the Relation between the Rotation of 
Plane Polarized Light passing through a Substance in a 
Magnetic Field and the Field Strength.— The magnetic 
field may be produced by an inverted horse-shoe electro- 
magnet connected to a battery circuit containing an adjustable 
resistance whereby the current may be varied. To each pole 
of the magnet a pole-piece is attached, and bored with a hole 
such that a beam of light, suitably directed, can^pass through 
each in succession ; while, to obtain concentration of the field 
in the interpolar gap, they should also be coned down toward 
each other. Into the hole in the pole-pieces «ls inserted the 
substance, the rotation in which is 1 to be observed, in the form 
6 f a short bar with plane ends. This is pushed # througl\ pntil 
it bridges across the gap, resting in die pole-pieces it the ends; 
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and insulated wire is wound closely round it as many times $s 
convenient, the ends being then connected to a ballistic galva- 
nometer. A source of light, a polarizing Nicol, a biquartz, the 
pole-piece hole, and an analyzing Nicol furnished with a 
graduated circle for measuring rotation, are then arranged in 
line, so that the light passes through each in succession. 

The analyzing Nic&l is turned until each half of the field is 



of the same colour, the tint of passage, and its reading noted. 
It is then turned through 180 0 , and the same adjustment made. 

A small current is now sent round the magnet, and the 
throw given by, the galvanometer observed, after which the 
analyzing Nice! is again adjusted, and the two readings noted. 

The magnetizing current is increased by successive sudden 
steps, and {he same observations made for each, until the 
maximum excitation is reached. 
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Results should be tabulated thus : 


Galvanometer throw. 

Analyzer readings. j 

Field strength. 

Rotation. 




1 



The field strength values are only relative, and are obtained 
by adding all the preceding entries of the galvanometer throw. 
The rotation is the difference between the mean of the two 
analyzer readings and its original reading when the magnets 
were unexcited. 

A curve should be set out with values of the field strength 
as abscissae and those of the rotation as ordinates. 





PART V 

SO cm) AND OTHER VI R RATIONS 

173 . 

To determine the Frequency Difference between Two 
Forks of nearly Equal Pitch by counting the Beats.—When 
two sources of sound simultaneously produce waves differing 
but slightly in length, interference occurs, and an alternation 
of loud and feeble sound is heard. 

One such increase and subsequent waning is termed a 
“ beat.” If N wave-lengths from one source have the same 
total length as N + i from the other, it is obvious that the 
interference cycle is completed during the time of N vibrations 
of the first, and that one beat occurs in the same time. 

Hence, if ///N be the frequency, i.e, vibrations per second, 
of the lower fork, that of the other is m(N + i), and there are 
m beats per second. The number of beats per second, there- 
fore, equals the difference of the frequencies. 

Provided these beats are not too few, or too many, per 
secofid, they may be counted when both forks are sounded 
together. If the forks are very nearly indeed of the same 
frequency, the vibrations die out before a sufficient number 
have been produced ; if their difference be too great, the beats 
are produced more rapidly than they can be counted. Beats 
of considerable frequency, however, may be counted by starting 
a stop-watch at*h beat, counting them in fours or sixes, making 
a mark on paper^at every *fourth or sixth, and stopping the 
watch ,at a hdat corresponding to a mark. The mynber of 
marks multiplied by the number of beats in a group is the 
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^hole number in the recorded time, if that beat at which the 
watch is started be counted as 0. 

It can generally ba decided by ear which fork has the 
greater frequency. Otherwise a small piece of sheet metal or 
of wax may be attached to a prong of one fork, and the beats' 
again counted. By reducing the load and trying it with each 
fork, the number of beats may be diminished. When this is 
the case, the load is upon the fork of higher pitch. 

If the difference of frequencies be too great for beats to be 
heard directly between the forks, a third fork of intermediate 
frequency may be employed. The frequency difference between 
the two is the sum of the differences between each and the 
accessory fork. 

The application of this device is also the best method of 
adjusting two forks to exact unison. By adding a small load 
to that one of higher pitch, the rate of beats given by each 
with the third is made equal, and they are then of the same 
frequency. 

By filing away metal from the end of the prongs, and so 
reducing their moment of inertia about the base, the pitch may 
be permanently raised ; but this should never be attempted by 
the student, without express instructions. 


174 . 

To determine the Velocity of Propagation of Sound in a 
Gas by Means of a Resonating Column and a Fork of known 
Frequency.— The sound of a vibrating fork held at the* open 
end of a closed tube is greatly increased when the length of the 
tube,* measured from the point of reflection at the open end, is 
an odd number of quarter wave-lengths of th^ waves created 
by*lhe fork. 

In the case of circular tubes the point of reflection is 
situated about 0*4 of the diameter outside the end ; and, in 
general, its distance beyond if approximately equals the 
* sectional area of the tube divided by four timeVthe radius of 
the opening. 
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If, beginning with a very short length of air-column, it ty? 
gradually increased, the intensity of the sound successively 
rises to a maximum, falls to a minimum, and rises to a second 
maximum. 

The difference between the lengths producing maximum 
resonance is half the length of the wave produced by the fork, 
and is theoretically the better measurement of the same. 
Owing, however, to the second maximum being far weaker 
than the first, it is in practice preferable to find the length 
corresponding to tiie latter, add the correction for the open 
end, and so obtain the quarter wave-length. « 

The wave-length and frequency being known, the velocity 
is equal to their product. 

The simplest form of resonating tube is a tall jar, the air- 
column within which may be adjusted by pouring water in or 
out. This is applicable in the case of air and gases denser 
than air, but for determining the velocity in lighter gases, #a 
tube with a movable plug and its open end at the bottom is 
required. 

As there is always considerable difficulty in selecting the 
exact length at which the resonance is a maximum, a consider- 
able number of observations should be made and the mean 
value adopted. 

If the increase of velocity due to a rise in temperature is to 
be found, the tube must be jacketed with water or steam, and 
the observations repeated for the various temperatures. 

The correction for the open end of a given tube may be 
experimentally found if the first two lengths, L t and Lg, of 
maximum resonance are determined; for evidently — 

End correction = = 1(1,* - 3LJ 

2 


175 . 

To compare th}) Velocities of Sound in Air and in the 
Substance of<a Bod by Ueans of Kundt’s Tube.— The usual 
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fjfm of Kundt’s appliance is a glass tube of about 5 cms. 
diameter and of about a metre’s length. One end is closed by 
a cork, which tightly gripe the centre of the rod, and the other 
is closed by a cork furnished with a handle, whereby its position 
in the tube may be adjusted. To the inner end of the rod i» 
fixed a disc, which just clears the inside of the tube. A 
preferable arrangement* is to clamp the centre of the rod 
independently to a bench, the disc being a short distance 
inside the tube, and the end of the latter being open. 

Cork dust or lycopodium is placed in the tube, and 
distribeted as evenly as possible in a thin layer between the 
disc and cork plug. 

The tube being now damped or supported conveniently in 


OJiIB 


such a way that the disc on the rod can vibrate freely, a cloth 
is drawn along the outer half of the rod, producing longitudinal 
vibrations, and causing it to squeak. 

The cloth should, in the case of wooden or metal rods, be 
sprinkled with resin, or, in the case of glass, with alcohol. 

The vibrations of the air inside the tube cause the dust 
to redistribute itself in ridges, and the movable plug should be 
adjusted in position until narrow groups of transverse ridges 
are well defined at intervals. Rotation of the tube while the 
cloth is drawn along the rod facilitates this redistribution, but 
is not usually necessary. 

Now, the wave-length in the rod is twice its length, and that 
in thfe air is twice the length between two groups of ridges, the 
frequency being the same for both. Hence — 

velocity in material of r od _ len g th of rod 
velocity in air at T 5 length betwen ridges 

As even when the natural periods of th4 rc*i and tl^e air- 
column are considerably different forced vibrations are 
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produced, the mean of several independent observations 
should he obtained. 

The distance from centre to centre of the gr&ups of ridges 
should be found by measuring the length’of tube between one 
Vnd the ;/th succeeding one, then dividing by //. 

Since the velocity of sound in a substance satisfies the 
equation — 

(velocity)^ 

density 

this modulus may be determined if the velocity in 'air be 
known, and the density found by measuring and weighing the 
rod. 


176 . 

To determine by Means of a Sensitive Flame the Pitch of 
a High Note. — A sensitive flame is produced by igniting gas 
passing through a pinhole burner under a pressure of not less 
than 8 inches of water, preferably 9 or 10. 

Such a flame flares when fully turned on ; but the supply 
of gas may be so adjusted that it burns quietly except when 
distributed by sound-waves. It is necessary, however, that the 
sound-waves should be of short lengths, such as those emitted 
by a shrill whistle or by hissing. 

The pressure required for such a burner necessitates the 
employment of a weighted gas-bag ; but in cases where this is 
inconvenient, the flame may be obtained by placing the burner 
below a piece of fine gauze, and using the gas at the pressure 
of the supply. The gauze should be sufficiently large to 
prevent the gas below it burning when that above is ignited, 
and the distance between the burner and gauze is adjusted 
until the flame is steady in still air, but flaring when disturbed 
by the sound. 

It is advantageous to surround the flame by a glass or 
metal tube aj/out 2 inches in diameter and 9 inches in length. 

The most suitable sources of sound for this determination 
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ajp a shrill whistle, a squeaking reed as fitted in many toys, or 
a bird-call as shown. If such a source be placed opposite a 
large vertical "plane surface, such as a wall, at a distance of 
several feet, the directly radiated waves and those reflected 
from the surface interfere, producing stationary vibration along 
the line passing perpendicularly to the surface through the 
source. Nodes, therefore, occur along ♦his line at intervals of 
half a wave-length, the 


first being at this dis- j 
tance from the surface. | 



The position of the 
source itself is in general 



neither at a node or 
antinode. Owing, how- 
ever, to the reflected 



waves being of slightly 
lets amplitude than 
those directly radiated, 
these nodes are not 

SSSSSEQ3SS 





places in which the air 

is absolutely devoid of motion, but are the positions in which 
minimum movement occurs. 

When the sensitive flame is moved along the line, these 
nodes are indicated by its burning quietly, flaring being pro- 
duced at all intermediate positions. 

The total length of a number of segments being then 
measured, that of one, u. a half wave-length, may be found 
with tolerable accuracy. 

The form of flame firstly described should be so adjusted 
that the top of the burner is situated on the line ; with the 
second form, the line should pass between the burner and the 
gauze. 


177. 

To determine the Effect on Transversely Vibrating Strings 
of Variations in Length, UasB, and Tensibn,^ Means of a 
Sonometer. — A sonometer consists of an elongated box on 
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which are two strings or wires. One of these is fixed at o^e 
end, and strained tight by a screw at the other. The other 
string is fixed at one end, and strained by being "passed over a 
pulley and loaded at the other. Each hits its vibrating length 
adjustable by means of two bridges. 

(a) To determine the Relation between Pitch and Length . 
— The two strings are* made the same length by moving the 
bridges, and brought to the same pitch by adjusting the tensions 
of the screw and weights. 

The bridge under the weighted string is then moved until 
it emits a note an octave higher than the other, i.e. until its 
frequency is doubled. 

The lengths being noted, the ratio of the frequencies should 
be compared with the inverse ratio of the lengths. 

The wire should be shortened to give the double octave, 
and the same comparison again made. 

(b) To determine the Relation between Pitch and Tensiiw. 
— The two strings, being the same length, have their tensions 
adjusted so that each gives the same note, which should be as 
low as convenient. The load on the weighted one is then 
increased until its note is an octave higher. The square of 
the frequency ratio should be compared with the ratios of the 
weights. This should be repeated for various values of the 
original load. 

(c) To determine the Relation between Mass and Pitch when 
the Total Stretching Fotxc is Constant . — A string, of mass m 
per unit length, is adjusted to unison with the screwed*up 
string, and its length, /, noted. Another string of the same 
material, but of mass m\ is substituted, and loaded with the 
same weight. The length, of this when b fought to unison with 
the screwed-up string is noted. 

The pitch pf the two wires if their masses per unit length 
were equal would be given by— 

pitch of first / 
pitch of second /' 

The squ^fe of ^this pitch ratio should be compared with the 
ratio of the masses per unit length. 
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The mass per unit length, for which the weight may be 
substituted, is found by weighing a known length of each 
string. 

(d) To verify the Formula of a Vibrating String by Comparison 
with a Fork . — The relation between the frequency, length,* 
stretching force (in dynes), and mass per unit length is ex- 
pressed by the equation 

frequency = l -( — — V 
2L\ mass / 

where E is the length. 

To verify this, it is only necessary that the string should be 
turned to unison with the fork, and the particulars observed. 

A slight discrepancy is to be expected owing to the string 
not being perfectly flexible, the effect of which is to slightly 
increase the frequency. 


178 . 

To determine the Frequency of a Note by Comparison 
with that of a Syren. — A syren essentially consists of a plate 
perforated with holes at equal distances apart and moving in 
front of an air-jet. 

The usual form is a cylindrical brass box, the top of which 
has a circle of equidistant holes drilled through in a sloping 
direction. In contact with the top is a circular plate fixed 
to a vertical spindle, and furnished with a circle of holes 
similar in size and number to those in the box, but inclined 
in the opposite direction. 

Tifc spindle is connected above to gearing which registers 
the number of revolutions made in any interval during which 
a knob is depressed. At the bottom of the box is a pipe into 
which air is blown by bellows. 

Owing to the opposite inclinations of the holes in the 
rotating and fixed plates, the former, when started, is main- 
tained in motion by the puffs of air escaping anil its velocity 
is regulated by increasing or diminishing the pressure from 



300 


PHYSICAL DETERMINATIONS 


the bellows. The sound is produced by the periodic escape 
of air from the holes, its pitch being equal to the product 
of the number of holes in the rin# and the fevolutions per 
second* 

The method of driving by air is unsatisfactory, though 
common, for it necessitates the intensity of a note increasing 
with its pitch, and twor sounds can onk be compared with each 
other when of about the same loudness. It is preferable to 
drive the syren independently of the air-blast by means of 
a motor, the speed of which may be finely adjusted by a 
weighted band on the spindle. 

In making a determination, the note is sounded and the 
speed of the syren increased until its fundamental note is of 
nearly the same pitch, and beats occur. Considerable care is 
necessary not to mistake beats given by the upper partials of 
the syren for those of the fundamental note, the latter not 
being always the loudest. 

The true beats between the note and the syren’s fundamental 
being heard, and the velocity being steady, the counting gear 
is thrown into action for a noted interval of time, and the beats 
during the same counted. The revolutions of the syren are 
given by the difference of the dial readings before and after 
the interval. 

If these be N, the length of interval T seconds/ and m the 
number of holes in the syren — 

N 

Frequency of syren = ///— 
anddf n beats occurred during the time T — 

Frequency of given note = 4* tf) 

The most convenient note to compare with that of the 
syren is one given by a pipe, and below the middle C. The 
note of a fork ts of such different quality that the comparison 
is very difficult ; it shotfld, however, be attempted after 
experience with pipe. 
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179 . 

To determine the Frequency of a Fork by Means of the. 
Dropping Plate. — The plate, which is commonly of glass, is 
covered with a uniform layer of soot on one side by being 
held over burning turpentine or camphor, and is suspended 
by a silk thread from the top of the upright which guides its 
descent. The position should be such that the style on the 
prong of the fork, which is securely clamped in front, is just in 
contact with the plate above its lower edge, the fork itself 
being set to vibrate in a horizontal plane. 

These adjustments being made, the fork is strongly bowed 
and the supporting thread ignited, thereby liberating the plate, 
which in its fall receives an undulatory marking from the style. 
For setting the fork in vibration, instead of a bow a small 
melal plate having a rectangular notch cut out of one side is 



often used ; this notch is sufficiently wide to clip the prongs 
of the fork when they are sprung inwards, and when pulled off 
suddenly leaves them in vibration. 

From the extreme lower end of the line traced, two letfgths 
are measured off, such that their square roots are in the ratio 
of two to one. These may conveniently be 2 centimetres, and 
8 centimetres. Along the last six centimetre^ between the 
two marked positions, the number of complete waves can 
usually be counted without difficulty. Let this number be N. 

Now, it follows from the laws of falling bodies that the first 
two and the last six centimetres were fallen through, in equal 
intervals of time; therefore the fork made N vfbrationyvhile 
the plate fell two centimetres, that is, in 0*064 seconds. 
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The frequency of the fork, with the style attached, is then 
N 

equal to — 

0*004 


180 . 

To determine the 1 Frequency of & Fork by Means of an 
Electric Chronograph. — The chronograph consists of a cylinder 
which is rotated by a handle or by a cord from a motor, and 
which usually has a screw cut on its spindle causing it to travel 
axially. 

This is wrapped round with a sheet of paper smoked over 
burning camphor, and fixed on the cylinder by springs, rubber 
bands, or gum. The fork is firmly clamped in a standard, and 
so adjusted that a style on one of its limbs is just in contact 
with the smoked paper, its motion being parallel to the axis of 
the cylinder. 

The cylinder, or drum, and the fork are insulated electrically 
from each other, and each connected to a secondary terminal 
of an induction coil, the primary circuit of which is so arranged 
that it is closed momentarily when a pendulum passes its 
central position, or when a balance wheel is at the limit of 
its swing. This is accomplished by connecting one primary 
terminal of the coil to the pendulum or wheel, the other to one 
pole of the battery, and the other pole of the battery to a drop 
of mercury suitably placed in relation to the oscillating part. 
A spark then passes between the style and drum, knocking a 
spot of black off the paper, every time the primary is closed. 
Any small error due to the mercury bead not being exactly 
in its correct position may be avoided by ignoring the alternate 
spots, and considering the distance from any one to the next 
but one as th<* movement of the drum during an interval equal 
to the periodic time of the pendulum. In the case of a balance 
wheel, where contact is made at one end of the swing, this is 
unnecessary, the interval l^etween two successive spots being 
equal to the pericyi. 

The smpfted ’paper being carefully fitted round the drum 
and all connections made, the pendulum is set in motion, the 
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fijfk made to vibrate, and the drum rapidly rotated. A con- 
venient means of vibrating the fork is the slotted piece 
described in Art. 179. 

The style traces a« undulating line on the smoked paper, 
each complete undulation corresponding to one vibration of 
the fork. On this line are also the spots corresponding to the 
pendulum’s vibration, sc* that the period* of fork and pendulum 
may be at once compared by counting the waves between 
the spots. 

The period of the sparking being observed, or calculated 
from the known dimensions of the pendulum, that of the fork 
is obtained. 


181 . 

To compare the Frequencies of Two Forks having nearly 
the Same Pitch by Means of a Vibration Microscope.— -The 
vibration microscope consists of a third fork, the pitch of which 
is adjustable by means of masses sliding on its limbs. To this 
is attached a small convex lens, vertically above which is an 
eye-piece. The forks to be compared have a small bright point 
scratched on the end of a prong, or the end may be smoked 
and a small white spot marked upon it. One of these is placed 
in a clamp«under the lens in such a way that the vibrations are 
in a vertical plane, and the spot under the centre of the lens. 
The eye-piece is focussed until a distinct image of the spot is 
seen, and when possible a condensing lens should illuminate 
the latter. 

The loads on the auxiliary fork, which vibrates horizonfally, 
are then adjusted in position until its pitch is slightly lower than 
that of the forks to be compared. 

Both are then set in vibration, producing Li^ajous’ figures, 
which are observed through the eye-piece. The curves change 
their form, becoming straight lines at intervals. 

The interval between the occurrence of*two successive 
straight lines inclined in the same (firection is that in which the 
vertical .fork gains one complete vibration, land* they #>nse- 
quently have the same frequency as the beats, but are susceptible 
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of more accurate observation. Hence, by noting the number pi 
times this occurs in a certain period, the frequency difference 
of the forks is found. 

The other of the two forks to be compared is then substi- 





tuted, and the difference in frequency between this and the 
lens fork similarly observed. 

The smaller difference is deducted from the greater, the 
remainder being that between the forks themselves. 


To determine the Frequency of a Fork by Means of an 
Auxiliary Fork and a Pendulum. — The most accurate method 
of determining' vhe absolute frequency of a fork’s uncontrolled 
vibrations is to compare k with another under the vibration 
microscope, explained in Art. 181. The frequency of this 
auxiliary fofrk, which may conveniently be the lens fork itself, 
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sl^puld be approximately some simple measure of that which is 
to be standardized, and its own vibrations are compared with 
those of a pendulum of which the period can be very accurately 
determined. 

The necessity for the second fork, which will here be termecf 
the interruptor fork, arises from the fact that, for comparison 
with the pendulum, a small plate of thin sheet metal must be 
attached to the end of each prong. These plates are so fixed 
that in the position of equilibrium they overlap without contact, 
drawing apart, however, when the fork vibrates so as to leave a 
narrow •slit between them once in each vibration (see Fig. 
of Art. 183). The comparison with the original fork is, of 
course, made after their attachment. 

The pendulum, which, for convenience, should be of some 
simple period, not greater than ten times that of the interruptor 
fork, has a silvered bead near its free end. Its oscillations 
should be maintained by clockwork or otherwise, to prevent 
diminution of amplitude, which would introduce error, and a 
strong light should be directed upon the path of the bead. 

The interruptor fork is placed at a convenient distance in 
front of the pendulum at about the same level as the bead, and 
with its plane of vibration parallel to that of the latter. 

Upon setting both fork and pendulum in motion, and placing 
the eye clo r ? to the piates, a number of distinct and separate 
images of the bead are seen owing to persistence of vision. If 
the frequency of the pendulum be /, and the fork make ?i vibra- 
tions while the pendulum makes one, the number of images is 
in general ti . If n be an exact whole number, they are station- 
ary ; but if, as is usually the case, it be not, the images fall Into 
two groups, which move across the field in opposite directions, 
one group being the positions of the bead in the forward, the 
other in the backward swing. The opposite mo/eraent is the 
result of each being seen a little earlier or later in successive 
oscillations. 

A preliminary observation should be made, placing a screen 
between the fork and pendulum intermittently at each swing in 
the same # direction if necessary, to ascertain wlietfiej the gjroup 
seen moves in or against the direction of the bead’s swing. In 

x 
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the former case the frequency of the fork is less, in the latter 
greater, than n times that of the pendulum. 

A convex lens should then be phced between the resting 
position of the bead and the fork, so as tt) focus a small image 
bn the slit between the plates. In front of these a microscope 
is adjusted to receive the rays when transmitted. 

Both fork and pendulum now beingoet in motion, the images 
are seen to cross the field at intervals in opposite directions, 
and by means of a stop-watch the interval during which a 
number, ///, cross in the same direction is noted. Let this 
interval be T. The fork has then made np'Y ± m vibrations in 
this time, and its frequency is given by — 


Frequency of fork = 


tip ± 


the positive or negative sign being taken according as the 
preliminary observation showed the frequency to be greater or 
less than tip. 


183. 

To determine the Frequency of a Fork by Means of a 
Stroboscope. — The stroboscope is either a disc or cylinder bear- 
ing on its face or circumference respectively rings of alternate 
black and white intervals. Several such rings are usually carried, 
the number of intervals being different in each. When the 



stroboscope is in rotation, these rings, viewed directly, appear of 
a uniform gre> tirft. If, however, they be looked at through the 
platesof a f&rk such as that described in Art. 182, a distinct series 
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*f dark and light intervals is seen. If the actual spaces on the 
stroboscope are parallel bands, they appear as triangular teeth 
when seen through the fork. Let the frequency of the fork be 
ft per second, the revolutions of the stroboscope be p in the 
same time, and the number of dark bands in the ring under view 
be q . Then if n be exactly equal to /y, the position of the teeth 
is stationary; but if n Be greater or less than pq> they appear to 
move against or in the direction of the stroboscope’s rotation 
respectively. The time during which a tooth moves through its 
own width is that in which the fork gains or loses one vibration 
relatively to a body moving with a frequency pq. 

To determine this period a convex lens should be placed 
between the marked ring and the fork, so as to converge rays 
upon the slit between the plates, and a microscope placed before 
the fork to receive the rays when transmitted. This is focussed 
so that when the prongs of the fork are drawn apart a distinct 
iifiage of one or more bands is seen. The fork itself is so placed 
that the slit when open is parallel to the length of the bands on 
the stroboscope. 

The number of dark bands in each ring being known, and 
the stroboscope being rotated at a known velocity, the interval 
during which m teeth pass the cross-wire is noted by means of 
a stop-watch. That band should be chosen for observation, in 
which the motion of the teeth is sufficiently slow for counting. 

If the noted interval of time be T, the vibrations of the fork 
meanwhile have been pqT ± ///. 

The frequency of the fork consequently is given by — 

the positive sign being taken if the movement of the teeth is 
against, the negative if they are with, the direction of rotation. 

In practice, a stroboscope is more often used to determine 
an unknown velocity of rotation by a fork of Ifhown frequency. 
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184 . 

To determine the Frequency and Character of Vibration 
of a Vibrating String by Means of the Vibration Microscope, 

— The frequency may be determined by blackening the string 
and making a white spqj upon it at thg point to be observed, 
or by attaching a minute globule of mercury by grease, and 
adjusting it below the lens fork so that its vibrations are at 
right angles to those of the fork. The shape of the curve seen 
upon illuminating the spot and starting both string anfi fork 
varies, but the form repeats itself at intervals. The interval in 



which the curve passes through one such cycle may be noted 
by a^top watch, counting, of course, the total time of a number 
of cycles and dividing it by that number. In the period of 
one cycle the string has either gained or lost one vibration on 
the fork. Whether the former or the latter be the case may be 
ascertained by lowering the pitch of fork or string slightly 
until the noted period is increased The one of which the 
pitch has been lowered was originally that of greater frequency. 
The frequency of the lens fork being known, that of the string 
is thus determined 

TV deteimine'the character of the string’s vibration, fork 
and string are adjusted to the same frequency, either by 
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^lifting the weights on the former or altering the length of the 
latter. The curve then seen is drawn as exactly as possible 
on a sheet of -paper, and a line AB drawn midway between its 
extremities parallel fo the direction of the fork's vibrations. A 
circle is described on AB as shown, and divided into twelve br 
more equal parts ; the displacement of the string at correspond- 
ing intervals during oAe vibration is ^narked by the vertical 
distance between their projection on the curve and the axis 
AB. Let AB be produced and a length CD taken in it. If 
the same number of equal parts be taken on CD as in the 
circle,* and parallel lines be drawn from the curve points, the 
displacement curve of the string may be constructed as shown, 
where abscissae are times and ordinates displacements. 


185 . 

To determine the Positions of the Nodes, and to compare 
the Frequencies of the Upper Partials of a Rod Clamped 
at One End and Vibrating Transversely.—' The modes of 
vibration of a bar clamped in this manner are as shown, if 
the bar be of uniform density, elasticity, and section. 

The most satisfactory method of determining the actual 




positions of the nodes n to press a narrow edge firmly against 
the region of the rod in which one may be expected to occur, 
and to tap the rod where the antinode would be. A note is 
then emitted which becomes clear and sustained as the edge is 
adjusted to the position of the nofle. The clamping edge and 
the tapper should be of some soft material, §jchfgs wood^which 
does not of itself ring. 
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It is convenient to find firstly in each case that node whiclj, 
is nearest to the free end of the rod, afterwards finding the 
others, and noting the distances of each from the free end. In 
this way it is often possible to determine <£ich set of nodes up 
to f the fifth or sixth partial. 

The clamped end in all cases must he regarded as a node, 
though neither this nor fcie node nearest* the free end is a true 
node. The frequencies in any modes of vibration may he 
considered as inversely proportional to the square of the 
distance between the free end and its nearest node. 

The position of the nodes may also he found by proceeding 
as above, and allowing a varnished pith-hall suspended by silk 
to touch the rod. The disturbance of the pith-ball is least at 
the nodes. 
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0*39391 

38’5 

0*79544 

5 *o 

O 08749 

22*0 

040403 

39 '° 

0*80978 

5*5 

0*09629 

22*5 

0*41421 

39 ’S 

082434 

6 o 

OTOSIO 

23 0 

0*42447 

40*0 

0S3910 

6*5 

01 1393 

23*5 

0*43481 

40*5 

0*85^0$ 

70 

0*I2278 

24*0 

o *44523 

41*0 

0*^6929 

7-5 

<>•13165 

24*5 

0-45573 

4**5 

0*88473 

8 o 

0-14054 

25*0 

0*46631 

42 0 

0*90040 

*•5 

O- 14945 

25*5 

0*47698 

42'5 

0*91633 

9 *o 

0-15838 

26 0 

0*48773 

43 *o 

003252 

9‘5 

016734 

26*5 

0 49S58 

43*5 

0*94900 

1 0*0 

0-17633 

27*0 

0*50953 

44 *o 

0*96569 

J 0 5 

0-18534 

2 VS 

0*52057 

44*5 

0*98270 

11*0 

0-19438 

2S0 

0*53171 

45 *o 

[ I *00000 

irj 

0-20345 

28-5 

0*54296 

45*5 

I *01 76 

12*0 

0*2X256 

29*0 

0 * 5543 1 

460 

10355 

I2‘5 

0*22109 

29*5 

0*56577 

*>’5 

10538 

iyo 

0*23087 

30*0 

Q ’57735 

47 *o 

1*0723 

U ‘5 

0*24008 

30*5 

0*58905 

47*5 

10913 

14*0 

0*24933 

3ro 

0*60086 

480 

11106 

* 4*5 

0*25862 

3 i *5 

0*61280 

4^*5 

1-1303 

150 

0*20795 

32 ’0 

5*62487 

49*0 

1*1504 

*$'S 

0*27732 

3 *5 

0*63707 

4»*5 

1*1708 

10*0 

0-28675 

33 '° 

0*64941 

50% 


165 

0-29621 

33*5 

0*66189 

50 ‘S 
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Degrees 

Tin. 

Degrees. 

Tan, 

Degrees. 

Tu. • 

51*0 

1*2319 

64'S 

* 

2*0965 

• 

78*0 

470*6 

5 r 5 

I-572 

65*0 

2*1415 

78*5 

4 * 9»52 

* 52*0 

1*2790 

° 5‘5 

2*1943 

79*0 

5-1*45 

5~’5 

l* 3 ° 3 2 

66 *o 

2* 24^ 

79*5 

5*3955 

530 

I *3270 

60 

2*2908 

800 

5-6717 

535 

* 354 

*'67*0 

2 ' 355 ^ 

80*5 

5 ,( »758 

5l*o 

«' 37 <>t 

67’5 

2*4I42 

81*0 

6-3138 

54*5 

i‘ 4°*9 

68‘o 

2*4751 

81*5 ' 

6*6012 

55 0 

!*428l 

OS's 

2 - 53^6 

82*0 

7 * 1*51 

555 

*4550 

69*0 

2*6051 

82-5 

7'5058 

5bo 

1*4826 

69*5 

2*6746 

83*0 

vj*J 443 

56*5 

r5!0S 

70 *0 

27475 

S 35 

8 77c 9 

57 *o 

**5399 

7°'5 

2-8239 

84O ! 

9 SMI 

57*5 

1 * 5^97 

7 to 

2*9042 

$ 4*5 

10-385 

580 

1*6003 

7 i 5 

2 9987 

*85 0 

11*430 

5*5 

16319 

720 

3*0776 

85-5 

12*706 

59 *o 

1 ‘6643 

72*5 

3*I7l6 

8b 0 

14*301 

59*5 

1*6977 

73 *o 

3*2709 

86-5 

16*350 

60 0 

1*7321 

73*5 

3*3759 

87*0 

19081 

605 

1*7675 

74 *o 

3 * 4^74 

87*5 

22 *904 r 

6ro 

1*8040 

74*5 

3*6059 

88*o 

28*036 

61*5 

1*8418 

75 *o 

37321 

88*5 

38*188 

62*0 

1*8807 

75*5 

38667 

890 

57*290 

62 5 

1*9210 

76 0 

4*0108 

89-5 

114*59 

630 

1*9626 

765 

4'<)53 

900 

c n 

635 

2*0057 

770 

4 ' 33 'S 



640 

20503 

77*5 

4 ' 5 I0 7 




Comparisons of Units. 


I centimetre = 0*3937 inch, 

1 metre = 39 37079 inches. 

1 square centimetre ~ 0*155 square 
inch. 


1 1 im.h = 2*54 centimetres. 

I foot - 30*48 „ 

I 1 square inch = 6*451 square centi- 
| metres. 


I cubic centimetre = 0*06 1 cubic 
* inch. 


cubic inch = 16*38 cubic centi- 
metres. 


I kilogram = 2*20$ pounds. 


1 pound = 453*59 grams. 


TABLES AND CONSTANTS 


313 


Density of Water at Various Temperatures. 


Temp. C.° 

^Density, 

Temp, C 0 

Density. 

" 

0 

0*99988 

17 

0*991885 

X 

0*9*994 

18 

0*99867 

2 

0-99998 

19 

0-99847 

•3 

0*99999 

20 

0*99827 

4 

1*00000 

21 

0*99806 

5 

0*99999 

22 

0-99784 

6 

0-99998 

23 

0*99761 

7 

099995 

24 

0-99738 

8 

0-99990 

25 

0-99713 

9 

0-99984 

30 

0-99578 

10 

099976 

40 

0-99236 

11 

099967 

50 

098821 

12 

0-99956 

60 

0-98339 

l 3 

099944 

70 

0-97795 

14 

0-99931 

80 

097195 

15 

0-99917 

90 

0-96557 

16 

099901 

IOO 

O95866 


Density of Mercury at Various Temferatures. 


Temp. C.° 

Density. 

Temp. C.° 

Density. 

0 

13596 

50 

13-474 

5 

13-584 

60 

13*450 

10 

13-572 

70 

13425 

*5 

13 560 

80 

13400 

20 

13 '547 

90 

13377 

30 

i 3 ' 5 2 5 

IOO 

13353 

40 

13500 




Densities. 


Lead 

11*4 I 

| Glass, crown ... 

2*5-27 

Silver 

io *5 1 

Aluminium ... 

2*60 

Copper 

8* 5-8*9 

Beeswax • ... 

0*96 

Brass 

8*i-8*6 

Cork ... 

0*24 

Iron, wrought 

7*8 

Turpentine 

0*87 

Irqp, cast 

71-7*6 

Alcohol § 

o-Sp. 

Glass, flint ... 

3 * 0-50 

Glycerine 

rib 
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Densities of Gases at o° and 760 mm. 

1 litre of hydrogen weighs 0^896 giam. 

I litre of dry air weighs 1*2932 grains. 


Young’s Moduluj. 


Steel wire 
Drawn coppei 
Biass, cast 
Brass wire 

Oak 

Mahogany 


20 X 1 o 8 grams. 
12 X io 8 ,, 
6*4 x 10 s * „ 

10 X ioh „ 

1 x 10* „ 

0*9 x 10 s ,, 


Surface Tensions, in Dynes, at 20° C, 


Water 

Alcohol 

Turpentine 

Mercury 

Mercury and water ... 
Turpentine and water 
Olive oil and water ... 


73 

26 

29 

450 

350 

11 

20 


Viscosities, in Dynes. 


Water at io° C. 

„ „ 20° C. ... 

Mercury at io° C. ... 


0*013 

0*010 

0016 


Olive oil at io°C. 
Linked oil at ,, 
Alcohol at „ 


Water-vapour Pressure. 


Temp. C.° 

Millimetres of 

O 

4*6 

5 

6-53 

IO 

917 

*5 

127 

20 

, 7*4 

*5 1 

23*55 

3° 

3 £, 55 


1 0*4200 
o 1 540 
0*0016 
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Coefficients of Linear Expansion. 

Brass, 0'0000i9; glass, about 0 000009 ; steel, about o'ooooii. 
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Copper = 0*095 
Brass = 0*094 
Glass = 0*200 
Iron =0*112 
Lead = 0*030 


Specific IIeats. 

Mercury =0*034 

Alcohol = 0*580 

'Aniline = 0*490 

Turpentine = 0*430 

Air, const, pres. = 0*238 


Magnetic Elements. 

H at London = cf 18 | H f at Bradford = 0*172 


Specific Resistances. 

Copper... 1*64 x 10“ 8 ohms. J Iron ... 9*8 X I0" 6 ohm*. 

Aluminium 2*9 x 10 6 ,, | Mercury 94*1 x jo-- 6 „ 

Platinum 9*16 x 10 - r ' „ I 


Specific Inductive Capacities. 

Ebonite 2* 2-4*0 ( i Li — * = 6 6-9*8 

Paraffin = 1*95-2*0 Mica - 60-66 

Electro chemical Equivaunts. 

I coulomb of electricity liberate s o 00033 gram uf cupper, 

I „ „ 0*0000105 gram of hydrogen. 


Wave* lengths of Light. 


Sodium 
Lithium ... 
Potassium ... 


Strontium; 


longest red 
blue 


5S95 and 5889 X 10 6 centimetres. 

6705 „ 6102 X to 1 ,, 

7680 „ 4043 X ICT 6 „ 

... 6627 X m * M 

... 4 60/ X ! 0 “ 6 „ 


Rkfraciive INDICES. 


Crown glass 

... is 

Glycerine 

1*47 

Flint glass ... 

... r6 

Carbon bisulphide ... 

1*6 r 

Water 

••• *'33 

Turpentine 

1*48 


Rotation of Polarized Sodium Light. N ter <*nt. 
Solutions, at 20° C. 

Cano sugar d- '0665 N° pet cm. thickness. 

Milk sugar d~ *0525 N° ,, „ 

Velocity ok Sound and Frequency. 

Velocity = 332 d* o*6 (temp. C.°) metres per second in air. 
A = 440, C = 528, complete vibrations per second. 
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To determine the Density of a Liquid by Mohr’s Balance. 
— This balance, which affords an extremely accurate means 
of finding the density of liquids, consists essentially of a 
lever, or beam, weighted at one end. This movable beam 
carries at one end a hook, from which is suspended, by a fine 
platinum wire, a glass displacement vessel, and on which 
weights may be suspended. At the other end is a metal point, 
which in the position of equilibrium is directly level with 
another fixed point. The arm by which the weights are 
carried is divided into ten parts, so that a weight, when placed 
on any division — suppose the m\h — is reckoned as m tenths of 
its value when on the hook. The weights themselves are 
commonly such that their ratios are 3, 2, r, 1, ot , 0*01, and, if 
the balance be in order, the third of these, suspended from the 
hook, Should produce equilibrium with the sinker in pure water 
at.15 0 C. The two first weights are only used in the case of 
liquids denser than water. In use, the stand slfbuld originally 
be levelled by the aid of the plumb-line provided, and the 
subsequent manipulation of the weights be methodically per- 
formed as in an ordinary weighing. It will be evident that, 
with thg weights mentioned, the range will 1)e Itpm o*ooi by 
thousandths up to 7 x1, though the sensibility will TiepeiTcf very 
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largely on the surface tension and viscosity of the liquid uiyler 
consideration. 


30a. 

To determine thd Acceleration bf Gravity by Means of 
a Pendulum and Falling Body.— The simple apparatus 
required for this determination consists of a wooden rod about 
4 feet long, furnished at one end 
with knife-edges. At intervals along 
its length holes should be bored, into 
which leaden cylinders may be in- 
serted, so as to vary the period of 
vibration. 

The falling body should be of 
metal and in the form of a doifble 
cone, while the bearings for the knife- 
edges and the small pulleys shown in 
the diagram may be fitted on a frame- 
work or conveniently attached to a 
wall. The pendulum should firstly 
be adjusted, so that, wljen hanging 
vertically, the front face is just in 
contact with the edge of the weight 
suspended from its pulley. A fine 
thread is then attached to the weight 
and pendulum, its length being such 
that, when placed over the two pulleys, 
the weight is near the top bf the 
pendulum, which itself is drawn aside to a small extent. A 
narrow strip of paper should now be attached to the front face 
of the pendulum, and the sharp median edge of the weight 
should be rubbefi with ink or black grease. The vertical height 
from any fixed point to the edge of the weight is then measured : 
let this be H./ Uffon burning the thread above the lower pulley, 
the weight falls, and its edge makes a mark upon the paper with 




APPENDIX 


319 


which it comes in contact as soon as the pendulum reaches a 
vertical position. Let the vertical height measured from the 
previous fixed>point to tlje top of this mark be h. Then the 
weight has fallen a distance H-//, while the pendulum has 
made one-fourth of a vibration. 

The period of vibration is now found by the method of 
Art. 27. If this be T, tfee space passecfcover by a falling body 


in the timff — is (H— //). 
4 


The same operations should be 


repeated with the leaden cylinder placed in the holes, one after 
another, downwards, so as to increase the time of vibration, and 


results tabulated thus — 



h. 

H - h. 

IT. 

(i) 5 







/T\2 

Finally, a curve should be set out with values of j as 
abscissae, and of (II—//) as ordinates. Taking, then, any point 
on this curve, and noting the values of ^ ) and (H-//) there, 
g is obtained. For — 


Space fallen = J^(time in secs.) 3 

H-i-iKjy 
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91a. 

To determine the Mechanical Equivalent of Heat. — The 

mechanical equivalent of heat, known also as Joule's equivalent, 
is the number of ergs ot mechanical y/ork which must be ex- 
pended to raise the temperature of 1 gram of ^vater by i° 
Centigrade. The apparatus shown in the diagram is a modifi- 
cation of that originally adopted by Pulaj, wherein work is 
expended in rotating a brass conical cup against the friaion of 
a well-fitting inner one which is stationary. The latter contains 
a known weight of water ; and its noted rise of temperature, 
together with a knowledge of its water equivalent, enables the 
number of calories generated to be ascertained. The mechanical 
energy expended is learned by noting the number of revolutions 
made by the cup against a constant torque. 

The two brass cups are firstly weighed, and from a know- 
ledge of the specific heat of brass (0*094), their water 
equivalent is found. Let this, together with the estimated 
equivalent of the thermometer bulb, he WEq. The inner 
cup is then filled with a measured volume of water to within 
about i*5 cm. from the top, and both cups are replaced on 
the driving spindle, two or three drops of oil being wiped over 
their rubbing surfaces. The wooden disc and weight are 
added, and a sensitive thermometer supported by a clip, with 
its bulb in the water. To a peg on the circumference of 
the disc is attached a fine cord, which passes round the disc, 
leaving it tangentially to run over a small pulley to a weight, 
M (of about 250 grams), and a second weight, N. 

The driving cords, arranged on the guide pulleys as shown, 
pass to a driving wheel turned by hand, and the number of 
revolutions made A by the cup is indicated by a toothed wheel 
and index, the former making one revolution per hundred of 
the cup. These arrangements and measurements being made, 
the temperature ofothe water is read by one observer, who also 
keeps the water stirred and notes the revolutions made, while 
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th^ driving wheel is turned by another person. The turning 
of this requires considerable care, as the speed must be so 
adjusted that TV! is suspended by its cord while N is resting 
Dn the floor. To facilitate this it is well to attach a large 
paper pointer to the wooden disc, and to see that it only 
oscillates to and fro as little as possible about some fixed 
position. As soon as the temperature Ites risen by about 20°, 
the operations may cease. 

Where possible, it is most satisfactory to fill the cup with 
water at about io° lower temperature than that of the room, 



letting it finally attain a temperature about io° higher. If, 
however, it be, on starting, at the same temperature as 
the room, a correction for the loss of heat by radiation, etc., 
should be applied. To this end the rate at wfiich the water* 
in the cup cools should be noted as soon as the previous 
operations stop, and the total time of rotatioiT should also be 
observed. If 6 2 be the highest temperature shown by the 
thermorqeter, and if it be noted to fall at* the\rate <£° # per 
minute on stopping, then, if t be the number* of minutes 
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over which the rotation extended, the correction is made by 
taking 

0, + itif . 

instead of as the final temperature. 

Indicating now the equivalent by J, the weight in grams 
of water in the cup by W, the radius qf the wooden disc by r, 
and the number of rotations of the cup by n> WEq being 
the water equivalent of the cups, and M the weight in grams of 
the suspended mass, 6 X also denoting the original temperature 
of the water (equal to that of the air), the ergs expended are 
equal to— 

27 r//rM X 981 

and the calories produced equal — 

(0,+ $0/-0,)( W + WEq) 

_ , . , . ergs 

Hence, J being the ratio 

y _ 2 X 981 X 

J ~ ^^^(W + WEqJ 

or, in the case of originally cooled water, where no correction 
to is necessary — 

y 2 x 981 X TT?irls\ 

J “ w - 0i)(W + WEq) 

6 X in this expression indicating the original temperature of the 
water, which is lower than that of the room. 


155 . 

(d) The focal length of a thin convex lens may be ascer- 
tained by laying ‘it upon a plane mirror and supporting a needle 
or pointed piece of paper f vertically above it. The latter is 
adjusted in height until, when viewed from above, the point 
and its image coincide, and do not separate as the eye is 
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moved to and fro, i.t. until there is no parallax. In this 
condition the distance from the point to the centre of the 
lens’s thickness is the focaj length of the lens, for rays from 
the object after traveling the lens are parallel, and are reflected 
as parallel rays, giving an inverted image in the horizontcfi 
plane of the object. This method is particularly suited for 
lenses of considerable fdtal length. 

156. 

(r) The focal length of a concave lens may be determined 
also by so placing it in a stand that the image of some distant 
object is seen through it. The position of this virtual image 
is, of course, at the principal focus. To find the distance of 
the latter from the lens, let a brightly illuminated object or a 
gas-jet be placed between the lens and the eye, and a plate of 
plalie glass be erected in a vertical plane between the luminous 
object and the lens. The eye being then placed on the axis of 
the lens, the position of the glass is altered until the image 
of the luminous object formed by it and the image of the 
distant object formed by the lens are seen without parallax. 
Then the principal focus of the lens is as far behind the sheet 
of glass as tjic illuminated object is in front of it. 

157a. 

To plot the Caustic Curve of Rays obliquely reflected 
from a Spherical Surface, or refracted through a Plane 
Surface. — The caustic curve of reflected rays may be seen as 
a bright line if a thin strip of bright metal be bent to the 
radius of the spherical surface considered, and laid upon a 
sheet of white paper, with a small source of lighf (e \g. a minia-* 
ture glow-lamp) placed at some point on the axis of the curve. 
This curve may be marked on the paper for ^rious positions 
of the lamp, and should, in particular, be so marked when the 
lamp is at the centre of curvature and midVay between, this 
point and the reflecting surface. 



j24 APPENDIX 

The caustic of refracted rays may be obtained by placing 
a pin vertically in contact with the back of a thick block of 
glass and viewing it at various angles# of obliquity through the 
front face. At each position two other ptns are placed in line, 
with the image of the pin at the back, as in Art. 153, and, 
after removing the glass block, lines are drawn through each 



pair of pins. These lines intersect each other, ancl the curve 
drawn through all the points of intersection is the caustic 
curve. 


160 . 

(b) The focal length and principal points of a thick convex 
lens may also be found in the following manner : — The lens, 
mounted in a ''suitable stand, is placed between illuminated 
cross-wires and a. screen, its position between them being 
adjusted until a real image of the wires is given on the screen. 
In general, there are two possible positions, giving images less 
and larger respectively than the object. If, however, the wires 
and sdeen be brought nearer together, these positions approach 
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other, and ultimately coincide, there being then a single 
position for the lens, and the object and image being of equal 
size. 

Under these circumstances, the distance between the wires 
and screen is equal to four times the focal length, plus th # e 
distance between the principal points. The screen is at a 
distance equal to tvvicl the focal lefigth from the second 
principal point, and its distance from the second principal 
focus is equal to the focal length. 

Now, the position of the second principal focus relatively 
to the lens face may be found by the method of Art. 155 (d) % 
Let its distance from the upper face, which is to be toward the 
screen, be /, and the measured distance between the nearer 
face of the lens and the screen be I), then the focal length 
F, reckoned from the principal point, is obtained from the 
equation — 

F = D — / 

and the position of the second principal point may be marked 
off on the edge of the lens, or on its mounting, at a distance 
a(D — /) from the screen. 

By finding the principal focus for the face of the lens 
toward the icross-wires, and making similar measurements from 
the latter instead of from the screen, the position of the other 
principal point may also be determined. 

(c) The fact that, as pointed out on p. 266, an incident ray 
directed towards one principal point of a lens emerges in a 
parallel direction from the other, is the basis of a method, 
devised by Clay, for the determination of the nodal or principal 
poihts* 

* The lens is carried, with its axis horizontal, qp a carriage or 
table capable of revolving about a vertical axis. Before the # 
lens is placed a vertical screen, in which is an aperture with 
illuminated cross-wires, and immediately behind the lens a 
plane mirror is fixed vertically. The screen^ is firstly adjusted 
at such 3. distance from the lens that a real iqjageof the»*ross- 
wires is formed in the neighbourhood of the aperture ; and this 

3 
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condition being attained, the cross-wires are at the first fo^tl 
point (Art. 155 (d)). The rotation of the lens table about the 
vertical axis will now, in general, produce a displacement of 
the image ; but by moving the lens forwafd or backward on its 
t&ble, so that the distance between its front face and the vertical 
axis is varied, a position is found at which rotation of the table 
produces no displacement of the imagrf The screen must also 
be adjusted each time the lens is moved, so that -its distance 
from the latter is kept constant. Under these conditions, the 
first principal point of the lens and the axis of rotation lie in 
the same vertical plane, and its position may be marked. 
Reversing the faces of the lens, the other principal point may 
be similarly found. 

(d) In the case of a concave, or divergent, lens, the method 
of 160 (c) may be applied, the only difference being that a 
convex lens of sufficiently short focal length must be placed in 
some fixed position between the rotating lens table and fne 
screen. The focal length of the concave lens is found by re- 
moving it from the rotating table, laying aside the plane mirror, 
and noting by a second screen the position of the real image of 
the cross-wires given by the convex lens. The distance between 
this image and the table’s axis of rotation is then the focal 
length. 


45 (Nate). 

Since the meniscus is brought to its original position on 
raising the beaker, the distance from it to the level jn the 
beaker is the height of the column supported by the capillarity 
of the tube. Hence the height, H, through which the beaker 
was raised, was the column supported by the drop. The 
downward pressure on the latter was then approximately — 

{vpDW 

This force, tending to tear the lower half of the drop away, 
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is balanced by the total tension 7rDT round the circumference. 
Thus — 


nOT = £irpD 2 H 

rp _ pDH 

4 


p being the density of tke liquid. 


46 ( Note ). 

The expression for T, as given on p. 73, may be obtained 
as follows : — 

If R, R' be at any point the principal radii in perpendicular 
directions of a curved interface between two media of densities 
oj and p 2 ; and h the height of the point, measured from the 
lowest portion of the surface— 

t G + 1') = h<ypi ~ ^ 

and if one radius, R', be so large that its reciprocal is negligible 



Pi ~ Pi 


Now, if x be measured horizontally, the curvature at the 
point is given by 


d 2 k 

1 dx l 


R 



(iio 


as shown ‘in most works on the calculus (Perry’s “ Calculus,” 
p. 307). Hence, if the density of one medium be neglected, 
and that of the other regarded as ^ from (ii.J and (iii.) — 

r T/i" 

ph = (I + /4' 2 )i 
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and— 


Th" 


ph ~( 7T^ =0 

* Multiplying by A' and integrating — 


P A P 


+ 


2 T (1 + /i' a )i 


= C 


(iv) 


If 0 be the angle which the tangent drawn to the surface at 
the point makes with the vertical — 


si "«-i7TW 

so that (iv.) may be written — 

T sin 6 -f - / - = C 
2 


To determine the constant C, when h — o, the value of 6 is 
90° j therefore C = T. Thus — 


T = 

2(1 — sin 0) 

Now, if a vertical tangent he drawn to touch the curve of a 
drop (Art. 46, Fig.), sin 6 = o, and the height of column pro- 
ducing the pressure at the point is h { — // 2 , or H. Whence — 


H 2 x density 


48 (Note). 

The expression for the viscosity as given on p. 74 may be 
deduced as foUowsr — Since the flow is uniform, the force on 
any cylindricaf surface of radius r and unit length, coaxial with 
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th* tube, is 27 irM^r, v denoting the velocity of flow. The rate 

of variation of this with fespect to r is ; or, con* 

' sidering an annular element of radial width hr, since there is no 
acceleration— 


pressure = awM 

and th<i pressure per unit axial length is 

Since the motion is slow, p is independent of r f and 


dp 

dx 


— j-. Hence — 


P _ xt±( dv \ 
'L ~ M dt\dr) 


and, integrating— 


dv __ Pr 
dr 2LM 


— v 


' P r 1 "i r 2 

.4LMj ri 


for the entire annular element. 

The volume flowing through the annular element in unit 
time is 27 rrvdr. Hence integrating between r = o and r = R — 



ttP ' r 
2 ML 


/* R 

I r(r l )dr 


t! 
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Oblique and Isometric Projection. By J. Watson. 4to., os. 6d. 
Physiology for Beginners. By Leonard Hill, M.B. Is. 

A Text Book of Zoology. By G. P. Mtidge, A.E.C.Sc. Lond., 

Leetimr on Biology at the London Hospital Medio il College. 7s. (Id. 

A Class-Book of Botany. By G. P. Mr non, A.K.C.Sc.,, and 

A. .1. M viin, F I; S. With Illustrations. Crown svo., 7 m. (,.1. 

General Elementary Botany. By K. Dkybbmj. D.Sc , Lecturer in 

Ttofrny at the Uni versify of Liver] mol. 2m. 6d. 

Psychology for Teachers. By G. Lloyd Morgan, F.R.S., 

• Bnneipal of University College, Bristol. Crown hvo. 4s. Gd 

The Laws*of Health. Bv David Nabarko, M.fL, B.Sc., Asshv, 

t ant Professor of Pathology and Morbid Anatomy at University College, London. 
Crown svo., Is. ♦ d. , 

Elements of Bookkeeping. P*y M. \\%.b§^..Trnkinson, Char- 

tered Account mt. Crown Svo , rlutli, 1«. tijj. - 
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Arnold’s School Series. 

GERMAN. 

EAST GERMAN TEXTS- For pupils who have acquired a simple 

vocabulary and the elements of Gorman. Under the General KditornEip of 
Walter Kipfmann, M.A., Professor of German at Queen’s College, London, 
With exercises on the text. Small crown 8vo., cloth, Is. 8cf each. 

ANDERSEN'S BILDERBUCH OHMS BlLDER (What the ‘Moon Saw). 
PRINZESSIN ILSE. Bv Majuf. Pktkhskn. * 

DER TOPFER VON KANDERN. By II. Vilmnoer. 

DIE FLUT DES LEBENS. By Adolf Stern. 

HERR PETER SQUENZ. By An hue as Gry prints. Edited by 

Sy dney II. Momrk. Crown svo., e-lotli, 2s. 

DER BACKFISCHKASTEN. By R von Zobkltitz. Edited, 

with Notes and Y oral mlarv, l>v tit srw Ukin. Authorised Edition. Jls. 

V. FIRST GERMAN READER. With Questions Conversation, 

Grammatical Exercises, Vocabulary. Ace. Edited hy I). L. Syvory, if. A., Leeturer 
in the University of London, Goldsmiths’ College. Crown Svo., cloth. Is. nd. 

GERMAN WITHOUT TEARS. By Lady Bku,. a version 

in German of “ French without Tears.’’ With I Ih. ’-hat tons. Cloth. 

Part I.. l.l. Purl II., lu. P.rt 111.. N. ::,l. * 

LESSONS IN 'GERMAN. A Graduated German Course, with 

Exercises and Vocabuluv. Lv L. lv\v- Lr\i>m:v. Crown svo., Us. 

KLEINES HAUSTHEATER. J’iO.cn liltlt. Plays in Gci man for 

Children. I5y Ladv Bell. Crown s\o., cloth, is. 

VIER KLEINE LUSTSPIELE FUR DIE JUGEND By 

K vr>: We bek. Crown Svo . < loth. K t'.d. 

FRENCH. 

ARNOLD'S MODERN FRENCH BOOKS, I., and II. Edit*! by 

If. L. IkrroN, M. Senior Modern L manages Master at Merchant Taylors’ 
School, Crown Svo., cloth Book I., Is. t’»d. ; Book 11., Us. 

ELEMENTS OF FRENCH COMPOSITION. By J. Homs 

Camkkov, M.A., Leeturer in French in University College, Toronto, Canada. 
viii-flM pages. Crown Svo.. cloth, 2s. fid. « 

ARNOLD'S LECTURES FRANQAISES. Four V»ln. Books T. 

and It. edit'd and in • i '■:.Ikiia .S. Wmii. Books Ilf. and l Y. edited and 
arranged hy M. A. Gs i -:uu>>iii, l.itl.lh lllu-t rated with lh^. [eductions of 
Paintings hv French artiste. Book U, Is. :.* i . ; Bi.oks tf., Ill . IY., Is. (id. each. 

GRAMMAiRE FRANCAISE A l inage de* Anglais. Par K. 

liiwi.it. ml . cut d Acad tuit ; Assistant leeturer at the Uni* cisity of Fiver- 

j.ooi. viii-- :{*.u page-*. tV>wn “-vo.. eloth, -K o 1 

PETITE GRAMMAIRE FRANCAISE. Par E. Kkxault. 

Is. til. 

LE FRANCAIS CHEZ LUI. A French Reader on Inform Lines, 

with Exercises uu Grammar for Middle and Junior Forms. By W. II. Hoixjks, 
M.A., and P. Powkll, M.A. Cloth, Is. 3d. 

MORCEAUX CHOISIS. French Urose Extracts. Edited l>y It. L. A. 

Dr Pontet, M.A., Assistant Master in Winchester College. Is. (id. 

P0EME8 CHOISIS. Selected and Edited by R. h. A. Du Pontkt, M.A. 

Cloth, la. fid. 

MISS JETTA S. WOLFF S BOOKS. 

LES FRANCAIS EN MENAGE. With Illii-trations b. 6d. 
LES FRANCAIS EN VOYAGE. Cleverly illuatr.il.-d. Is. 6(1. 

FRANCAIS PftUR LES TOUT PETITS Illustrated. Is. 3d. 
LES FRANCAIS D’ AUTREFOIS. 1». 3d. . 

LES FRANCAJikDU DIX-HUITIEME SIECLE. u. 3d. 
THE ALPHONSE D*UDET READING BOOK. IWcit bi..- 

graphique et Extiaits de ho.s (Luvres. Edited hy Jkti a B. Woi.kk. Is. *»fl, 
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Arnold’s School Series. 

FRENCH WITHOUT TEARS. A Graduat'd Series of French 

^catling Honks. carefully arranged to suit the requirements of quits young 
children. By J/.wly Bkll. Book I., Od. ; Hook II., Is. ; Hook III., Is. Gd. 

SCENES ENFANTINE8. -By Kate Wet, eh, Author of “ Vier 

Kloino Lustspiolo f Ur diqplugcnd. ” With Vocabulary. is. lid. 

'GRADUATED FRENCH UNSEENS. Edited by Professor Victor 

Oukk. In four parts. Limp cloth, 8d. each. 

A FIRST FRENCH COURSE. Complete, with Grammar, Exercises, 

and Vocabulary, liy Jamks I^oiElle, B.A. (Univ.jpuLl.). Cloth, is. Gd. 

FRENCH DRAMATIC SCENES. By C. Arkl Musgkave. With 

Notes and TVabulary. Crown 8vo., cloth, 2s. 

ARNOLD’S FRENCH TEXTS. An entirely new series of texts, 

graduated in di duality, with notes and vocabulary. General Editor : Maurice A. 
(iKRoTiiwuiiL, Lilt. I)., Professor of the Itomancc Languages in tlio University of 
Dublji*. Limp doth, Gd. cadi. 


> Le Format ou A tout Pdcho Misdricordo. 
By Madame du .Skodk. 
AvonturesdoToinPouce, ByP J S i mil 
L’Histolre de la More Michel et de son 
Chat. By CoMi k E. i>k i.\ Bkooi litre. 
Gribouille. By Ckukuks Sand. 
Lauretto ou Le Cachet rouge. By 
Am red nr Viunv. 

La Souris blanche et Les Petits Souliors. 

By Heuesipfu M<>kk\u. 

La Alo de Polichinelle et ses Nom- 
bieuses Aventure#. By Octane 


blouses Aventure#. liy Octane 
Pm 1 1 1, let. 

Crispin rival de son Maitre. Comedy 
in one act. By Lk Sauk. 


Le Bon Pdre. Comedy in one act. By 
Fi.ohian. 

Monsieur Tringle. By Cham pf leu uy. 
Aventures du Chevalier de Grammont. 

By Chevalier IVHamilton. 

Histoire dun Pointer dcossais. By 
Alexandre Dumas pere. 

Deux Heroines de la Revolution. 
Madame Roland and Charlotte Corday. 
By .Idles Michelet. 

Trafalgar. By Joseph Mery. 48 pages. 
Marie Antoinette. By Edmond and 

.Jl LES DK GoV Ol’RT. 

Mercadet. By H. dk Balzac. 


SIMPLE FRENCH STORIES. Easy texts, with Notes and Vocab- 
ulary, prepared under the General Editorship of L. Von Glehn, M.A., Assistant 
Master at Perse School, Cambridge. Limp cloth, 9d. each. 

Un Drama dans les Airs. By Jules Un Anni versa ire a Londres,andtwo 

Vbhnk. other stories. By P. J. Stahl. 

Pif-Paf, By Edouard Laboulaye. Monsieur le Vent et Madame la 
La PetiteSouf is Griae ; and Histoire Pluie. By Paul de Musset. 

de Rosette. By Madame de S£gur. La Fee Grignotte. By Madame 
Poucmet, and two other tales. By Dk Gikardin. And La Cuisine au 
Edouard La bout.ayk. Salon, trom Le theatre do Jeunesse. 

Gil Bias in the Den of Thieves. Arranged from Le Sage. With Notes and 
Vocabulary by R. dk Blanchavd, B. A. I Uniform, with ih * above stria . 


ARNOLD S ADVANCED FRENCH SERIES. 

Introduction, Historical Notes, and a few Exercises. Cloth, Is. Gd. 

De l’Angleterre. Par Madame de StaKl, edited hy W. G. PIaktgg, 

B.A., Lecturer in French at University College, London. 

Causeries di^ Lundi. Par Sainte-Bkuvk, edited hv^ A. W. Tuessi.eii.^ 

M. A., Assistant Master at Chart erhouse. m 

Li Coup d’Etat. Par Victor Hugo. Edited hy Lonc.sdon, M.A. 
An abridgment of that magnilicent pioco of hivoctiy*^>o<Vim le Petit . 
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Arnold’s School Series. 

L’APPRENTI. By Kmilk Soovkhtri. Editwd by C. K. Hbbdknkb,* 

Lecturer iu Modem Ij.uunisgos, IRirhum University. Cloth Is. 

RICHARD WHITTINGTON. By Mai.amk Btokni* Foa. /nd 
UN CONTE DE I/ABBE DE SAINT-PIERRE. By Kmilk *<>uvic*i'kk. 
Edited by C. F. Hkrdknkr. Cloth, Ik. • 

fMEMOIRES D’UN ANB. By«MAt>AMK »js S&jfm, edited by 

' Lucy E. K*rrkr. Cloth, R • 

LAMARTINES MANUSCRIT DE MA MERE. Kditod by, 

* Lucy E. Kaukek. Cloth, Is. , 

LES DEUX PRISONNIERS. By Kouolphe Topffer. Edited by 

VV. H. lloiHCkS, M. A . St. Lawrence College, Uamsgato. Cloth, la. 

CONTES DE FEES. t. Par Mine. Lkpi^nok ok Beaumont. Edited 

by T. Kkkn, M.A., the High School, Glasgow. Is. 

SPANISH. 

A FIRST SPANISH BOOK. By H. J. Chavtor, M.A, I lend 

m ister of Plymouth College. IN, Od. 

LATIN AND GREEK. 

ARNOLD’S LATIN TEXTS- 0. •neral Editor, A. Evan Kern ays, 

M.A. Kadi volume oms^f.s of a short introduction, text and vocabul »ry. 0\ 
pages. Cloth limp, Sd. each. 

C.ESAR in BRITAIN. UVID IN EXILE. -Selections from 

CICERO.— In Catilinam, I. and II. the Tristia.* 

CICERO — Pro Archia. PHA1DKUS.- -Select Fables 

CORNELIUS NEPOS — Select TIBULLUS.- -Selections. 

Lives. VERGIL. Select Eclogues. 

HORACE.- Odes, Book I. j VERGIL. — Selections from # the 

LIVY. — Selections. j Georgies. 

OVID.— Selections. j 

VIRGIL— jENEID- Books I., n., and UI. Edited, with Intro- 

dueti-m and Nutt -. I.v M T. T\rnv>t, M. V. Crown m-i . cloth, 1". 0 i. ea*ih. 

CiESARS GALLIC WAR. Ik-k.i I. and II. Edited by T. W. 

HaM'on, M.A.,and<». C. li aki-.i-’on, M.A. < loth, K t«l 
U«x»kH fll.-V. Edited for the u^e of >. ».< Mils by M. f. Tatium, M.A. Uniform 
with Rooks 1. at id 11. Crown Svo., cloth, K I’d 
Rooks VI. and VII By M. T. Tatium, M.A. I inform with fl-nks Uf.-V. Ik. tbl. 

LIVY. Book XXVI. Edited by R. M. Hkxky, M A t>d. 

THE FABLES OF ORBILIUS. By A. I). Coi.lkv, M.A.. Fellow 

of Magdalen College, Oxford. Witu lllust lations. Rook I., '.*•!. ; Hoo,; II., Is. 

EASY LATIN PROSE. By \V. H. Spuawk, M.A., Assistant. 

Master at this City of London School. Cloth, Ik. (VI. 

LATIN EXERCISES ON LATIN MODELS. By A. 0. I*. Bi ns, 

I lead in I* troh"* of Brighton and Hove High School. CM1 , is. 

LATIN PROSE COMPOSITION. By W. J. T1ai:>.ik. M.A. 

Professor of Humanity til fho University of Edinburgh. Complete, Ls. Od. , or 
iif Parts, 2s. Od. each. t 

llv W. K. AVirroN, M. A., Classical Master at St. OlaVcsGrarmnar School. 

COMPENDIUM LATINUM. 2a. -id. 

SIMPLIFIED CAESAR, is. 6d. 

DIES ROMANI, is. (M. 

l!v 0. B. ii/ViniNKU, M.A., I).8c. , ami A. Dakihsei!) M A. 

A FIRST LATM COURSE. 227 page*. 2s. 

A SECOND LAS** READER. 18 J pages, is. 6.1. 

A LATIN TRANSLATION PRIMER. 1« 

THE BEGINNER'S BOOK IN GREEK. By D. II. Marshall. 

* «.-* «• 
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